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ABSTRACT  OF  VOLUMES  I  AW  H 


This  book  presents  design  techniques  for  s  wide  vsriety  of  low-pass, 
band-pass,  high-pass,  and  band-atop  microwave  filters;  for  multiplexers; 
and  for  certain  kinda  of  directional  couplers.  The  material  ia  organised 
to  be  uaed  by  the  designer  who  needs  to  work  out  a  specific  design  quickly, 
with  a  minimum  of  reading,  aa  well  as  by  the  engineer  who  wanta  a  deeper 
understanding  of  the  deaign  techniques  used,  so  that  he  can  apply  them  to 
new  and  unusual  situations. 

Moat  of  the  design  procedures  described  make  use  of  either  a  lumped- 
element  low-paaa  prototype  filter  or  a  step- transformer  prototype  as  a 
basis  for  deaign.  Using  theae  prototypes,  microwave  filters  can  be  ob¬ 
tained  which  derive  response  character istica  (such  aa  a  Tchebyscheff 
attenuation  ripples  in  the  pass  band)  fro<n  their  prototype.  Prototype 
filter  designs  are  tabulated,  and  data  is  given  relevant  to  the  use  of 
p/ototype  filtera  aa  a  basis  for  the  design  of  impedance-matching  networks 
and  time-delay  networks.  Design  formulas  and  tables  for  step- transformer 
prototypes  are  elno  given. 

The  design  of  microwave  filter  structures  to  serve  as  impedance¬ 
matching  networks  is  discussed,  and  exempts  sre  presented.  The  techniques 
described  should  ^ind  application  in  the  design  of  impedance-matching  net¬ 
works  for  use  in  microwave  devices  such  as  tubea,  parametric  devices, 
antennas,  etc.,  in  order  to  achieve  efficient  broad-band  operation.  The 
deaign  of  microwave  filters  to  achieve  various  time-delay  (or  slow-wave)  . 
properties  is  also  discussed.  | 

Various  equations,  graphs,  and  tables  are  collected  together  relevant 
to  the  design  of  coaxial  lines,  strip-lines,  waveguides,  parallel-coupled 
lines  between  common  ground  planes,  arrays  of  lines  between  ground  planes, 
coupling  and  junction  discontinuities,  and  resonators.  Techniques  for 
measuring  the  Q’ a  of  resonators  and  the  coupling  coefficients  between 
resonators  are  alao  discussed,  along  with  procedures  for  tuning  filtera. 
Equations  end  principles  useful  in  t.he  analysis  of  filters  are  collected 


iii 


together  for  easy  reference  end  to  aid  the  reader  whose  background  for 
the  subject  natter  of  this  book  may  contain  aome  gapa. 

Directional  filtcra  have  special  advantages  for  certain  applies* 
tions,  and  are  treated  in  detail  in  a  separate  chapter,  as  are  high* 
power  filters.  Tunable  filters  of  the  kind  that  might  be  desired  for 
preselector  applications  are  also  treated.  Doth  mechanically  tunable 
filters  and  filters  using  ferrimagnetic  resonators,  which  can  be  tuned 
by  varying  a  biasing  magnetic  field,  are  discussed. 
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PRP^CE  T'l  VOLUMES  I  AND  II 


T* i nrg.anizati<  i  of  hi;  book  hes  three  general  objectives.  The 
first  objective  is  t  >  pre  en  fundamental  concepts,  techniques,  end  dsts 
.hat  art;-'of  general  ise  i  i  t  ,e  design  of  the  wide  range  of  microwave 
structu.'«n  discussed  in  t.iis  book.  The  second  objective  is  to  present 
special ised  data  in  ore  <r  leas  handbook  form  so  that  a  designer  can 
work  out  practical  d  sign  i  or  structures  having  certain  specific  con¬ 
figurations,  without  ?iavi  ig  to  recreate  the  design  theory  or  the  deriva¬ 
tion  of  the  equation: .  (  iosever,  the  operation  of  most  of  the  devices 

discussed  herein  is  s  iff i  . i ently  complex  that  knowledge  of  some  of  the 
basic  concepts  and  tchnij.es  is  usually  important.)  The  third  objective 
is  to  present  the  the  ry  >on  which  the  varioua  design  procedures  ere 
based,  so  that  the  d<  ign  r  can  adapt  the  various  design  techniques  to 
new  and  unusual  situs  ion-,  and  so  that  researchers  in  the  field  of 
microwave  devices  may  use  some  of  this  information  as  a  basis  for  deriv¬ 
ing  Add?  r  icuel  teclinnuei.  The  presentation  of  the  material  so  that  it 
can  be  adapted  to  new  am  unusual  situations  is  important  because  many 
of  the  microwave  filter  ecliniques  described  in  this  book  are  potentially 
useful  lor  the  design  il  ucrowave  devices  not  ordinarily  thought  of  as 
having  anything  to  do  u'h  filters.  Some  examples  are  tubes,  parametric 
devices,  and  antennus,  wr ire  filter  structures  can  serve  as  efficient 
. mpe da nee -matching  net  'irks  for  achieving  broad-band  operation.  Filter 
structures  ure  also  us<  fti  as  slow-wave  structures  or  time-delay  struc¬ 
tures.  In  iiidition,  microwave  filter  techniques  can  be  applied  to  othur 
devices  not  operating  in  the  microwave  band  of  frequencies,  as  for 
instance  to  infrared  and  optical  filters. 

Tlie  tlire  e  obj ec t  i  v  -  .  i  hove  are  not  1 :  ated  in  any  o.der  of  importance,  nor 
is  this  book  entirely  p*  rated  into  parts  according  to  these  objectives. 
However,  in  certain  ci.stra  where  the  materiel  lends  itaelf  to  such 
organization,  the  first  s  ction  or  the  first  few  sections  discuss  general 
principles  which  a  des-.j  n  :r  should  understand  in  order  to  make  best  uae 
of  the  design  data  in  tie  chapter,  then  come  sections  giving  design  data 


for  specific  type*  cf  structures,  end  the  end  of  the  chspter  discusses 
the  derivstions  of  the  various  design  equations.  Also,  at  numerous  places 
crtas  references  are  made  to  other  portions  ol  the  book  where  information 
'iseful  for  the  design  of  the  particular  structure  under  consideretion  can 
be  found,  for  exempts,  Chapter  11  describes  procedures  for  measuring  the 
unloaded  Q  and  external  Q  of  resonators,  and  for  measuring  the  coupling 
coefficients  between  resonators.  Such  procedures  have  wide  application 
in  the  practical  development  of  many  typ  r  of  band-pass  filters  and 
impedance-matching  networks. 

Chapter  1  of  this  book  describes  the  broad  range  of  applications  for 
which  microwave  filter  structures  are  potentially  useful.  Chapters  2 
through  6  contain  reference  data  and  background  information  for  the  reat 
of  the  book.  Chapter  2  summarises  various  concepts  and  equations  that 
are  particularly  uaeful  in  the  analysis  of  filler  structures.  Although 
the  image  point  of  view  for  filter  design  is  a<.'<  use  of  only  at  certain 
points  in  this  book,  some  knowledge  of  image  doij.n  tn  thods  is  desirable. 
Chapter  3  gives  a  brief  summary  of  th*  image  d  sign  concepts  which  are 
particularly  uaelul  for  the  purposes  of  this  book.  Chapters  1  to  3  should 
be  especially  helpful  to  readers  wh  »  background  ror  the  material  of  this 
book  may  have  some  gaps. 

Most  of  the  filter  and  impedance-matching  network  design  techniques 
described  later  in  the  book  make  use  of  a  low-pass  prototype  filter  as  a 
basis  for  design.  Chapter  4  discusses  various  types  of  lumped  -  element , 
low-pass,  prototype  filters,  presents  tables  of  element  values  for  such 
filters,  discusses  their  lime-delay  properties,  their  impedance-matching 
properties,  and  the  effects  of  dissipation  loss  upon  their  responses.  In 
later  chapters  these  low-pass  prototype  filters  and  their  various  proper¬ 
ties  are  employed  in  the  design  of  low-pass,  high-pass,  band-pass,  and 
baud- stop  microwave  filters,  and  alto  in  the  design  of  microwave  impedance 
Matching  networks,  and  time-delay  networks. 

Various  equations,  graphs,  aud  tables  relevant  to  the  design  of 
coaxial  line,  strip- line,  waveguide,  and  a  variety  of  resonators,  coupling 
structures,  and  discontinuities,  are  summarized  for  easy  reference  in 
Chupler  5.  Chapter  6  discusses  the  design  of  step  transformers  and  pre¬ 
sents  tables  of  designs  for  certain  cases.  The  step  transformers  in 
Chapter  6  are  not  only  for  use  in  conventional  impedance- transformer 
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applications,  but  also  for  use  as  prototypaa  for  certain  types  of  band- 
paaa  or  pseudo  high-pass  filters  discussed  in  Chapter  9. 

Design  of  low-pass  filters  and  high-pass  filters  from  the  aemi- 
lumped-element  point  of  view  are  treated  in  Chapter  7.  Chapters  8,  9, 
end  10  discuss  bund-pass  or  paeudo-high-pass  filter  design  using  three 
different  design  approaches.  Which  approach  is  best  depends  on  the  type 
of  filter  structure  to  be  used  end  the  bandwidth  required.  A  tabulation 
of  the  various  filter  structures  discussed  in  all  three  chapters,  a 
sunuaary  of  the  properties  of  the  various  filter  structures,  and  the 
section  number  where  design  data  for  the  various  structures  can  be  found, 
are  presented  at  the  beginning  of  Chapter  8. 

Chapter  11  describes  various  additional  techniques  which  are  useful 
to  the  practical  development  of  microwave  band-pass  filters,  impedance- 
matching  networks,  and  time-delay  networks.  These  techniques  are  quite 
general  in  their  application  and  can  be  used  in  conjunction  with  the 
filter  structures  and  techniques  discussed  in  Chapters  8,  9,  and  10,  and 
elsewhere  in  the  book. 

Chapter  12  discusses  band-stop  filters,  while  Chapter  13  treats 
certain  types  of  directional  couplers.  The  TEM-mode,  coupled- transmission- 
line,  directional  couplers  discussed  in  Chapter  13  are  related  to  certain 
types  o.f  directional  filters  discussed  in  Chapter  14,  while  the  branch- 
guide  directional  couplers  can  be  designed  using  the  step-transformer 
prototypes  in  Chapter  6.  Both  waveguide  and  strip-line  directional  filters 
are  discussed  in  Chapter  14,  while  high -power  filters  ere  treated  in  Chapter  15. 
Chapter  16  treats  multiplexers  and  diplexers,  ant1  Chapter  17  deals  with 
filters  that  can  be  tuned  either  mechanically  or  by  varying  a  biasing 
magnetic  field. 

It  is  hoped  that  this  book  will  fill  a  need  (which  has  become  in¬ 
creasingly  apparent  in  the  last  few  years)  for  a  reference  book  on  design 
data,  practical  development  techniques,  and  design .  theory ,  in  a  field  of 
engineering  which  has  been  evolving  rapidly. 
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CHA.PT EH  9 


BAND- PASS  FILTERS,  CONTINUED 

(WIDE-BAND  AND  NARROW-BAND  BAND- PASS  FILTERS  CONSISTING  OF 
TRANSMISSION  LINES  WITH  REACTIVE  DISCONTINUITIES) 

SEC.  9.01,  INTRODUCTION 

The  band-pass  filter  design  techniques  discussed  in  this  chapter 
are  based  on  the  quarter-wave  transformer  prototype  circuit  (Chapter  6). 

They  apply  to  band-pass  filters  with  transmission  line  resonators 
alternating  between  coupling  elements  which  are  series  capacitances  or 
shunt  inductances.  The  design  bandwidths  may  range  from  narrow-band  on 
up  to  such  wide  bandwidths  that  the  filters  can  be  used  for  microwave 
high-pass  applications.  Kilters  of  these  general  types  were  also 
discussed  in  Secs.  8.05  to  8. OH,  using  the  design  view  point  of  Chapter  8, 
which  is  applicable  to  narrow  and  moderate  bandwidths.  The  design  view 
point  of  this  chapter  was  developed  to  obtain  a  design  method  which  would 
h-ld  for  wider  bandwidths,  and  for  smaller  pass-band  Tchebyscheff  ripples, 
aa  well. 

Section  9.02  introduces  the  quarter-wave  transformer  prototype 
circuit,  ond  Sec.  9.03  gives  basic  design  formulas  for  synchronously 
tuned  filters. 

Section  9.04  treats  narrow-band  filters  from  the  view  point  of  this 
chapter,  showing  the  connection  with  the  1 umped- constant  low-pass 
prototype  used  in  Chapter  H.  It  has  been  found  that  the  design  technique 
of  Sec.  9.04  and  Chapter  H  for  narrow-band  filters  generally  works  welt 
up  to  fractional  bandwidths  of  ubout  20  percent  or  more  (compare  Sec.  8.01), 
provided  that  the  pass-band  ripple  is  not  too  small:  the  ripple  VSWR 
should  exceed  about  1  +  (2w)2,  where  s>  is  the  fractional  bandwidth  of 
the  narrow-band  filter,  if  it  is  to  be  derivable  from  a  l umped- constant 
low-pass  prototype. 

The  remainder  of  this  chapter,  from  Sec.  9.05  on,  is  concerned 
mainly  with  the  design  of  wide-hand  and  pseudo-high-pass  filters,  for 
which  the  method  of  the  quarter-wave  transformer  prototype  is  principally 
intended. 
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Section  9.05  deals  with  tbe  realisstion  of  the  reactive  diacontin- 
uitiea  (for  filtera  of  any  bandwidth).  In  Sec.  9.06  tome  atandardiaed 
designs  are  given  which  can  be  adapted  for  mtny  high-peas  applications, 
and  experimental  result*  are  given  in  Sec.  9.07. 

The  baaic  theory,  deaign  data,  and  example*  will  be  found  in 
Secs.  9.08  through  9.11.  Finally,  Section  9.12  deals  briefly  with 
reactance-coupled  quarter-wave  filters.- 

In  this  chapter  the  frequency  is  introduced  everywhere  as  the 
normalised  frequency,  usually  denoted  hy  f/f0,  the  ratio  of  the  frequency 
/  to  the  synchronous  frequency  /g.  For  waveguide  filters  the  " normal i zed 
frequency"  is  to  be  understood  to  refer  to  the  quantity  9/X  ,  the  ratio 
of  the  guide  wavelength  A^#  at  the  frequency  of  synchronous  tuning,  to 
the  guide  wavelength  A^.  (For  example,  an  experimental  waveguide  filter 
is  described  in  Sec.  9.07.) 

SF.C.  9.02,  FILTERS  WITH  IMPEDANCE  STEPS  AND 
IMPEDANCE  INVERTERS 

Stepped -impedance  filters  ( quarter- wave  transformers,  and  half-wave 
filtera)  have  been  treated  in  Chapter  6.  This  section  points  out  their 
equivalence  to  filters  with  impedance  inverters,  and,  serves  as  an 
introduction  to  the  design  of  wide-hand  reactance-coupled  half-wave 
filters. 

An  impedance  (or  admittance)  step  [Fig.  9.02-l(a)l  can  always  be  re¬ 
placed  by  an  impedance  (or  admittance)  inverter  ( Fi g.  9 . 02- 1 ( b )  and  (c)] 
without  affecting  the  filter  response  curve,  provided  that  the  input  and 
output  ports  are  properly  terminated.  Thus  the  two  types  of  circuit  in 
Fig.  9.02-1  are  entirely  equivalent  as  a  starting  point  for  the  design 
of  filters.  The  impedance-inverter  (or  admi t tance - i nver ' er  )  point  of 
v  i  ew  [Fig.  9.02-l(b)  and  (r)]  was  the  more  natural  one  to  adopf  in 
Chapter  8  to  convert  the  lumped-constant  low-pass  prototype  of  Chapter  4 
into  a  t ransmi as i on- 1 i  lie  filter;  whereas  in  this  chapter  a  stepped- 
impcdance-fi Iter  point  of  view  is  more  convenient  to  utilize  directly  the 
design  data  of  Chapter  6. 

The  stepped- impedance  filter  is  turned  into  a  reac tanre- c oupl ed  filter 
by  replacing  each  impedance  step  with  a  reactance  having  the  same 
discontinuity-VSWR  and  spacing  the  reactances  to  obtain  synchronous  tuning 
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FIG.  9.02-1  A  STEPPED-IMPEDANCE  HALF-WAVE  FILTER,  AND 
EQUIVALENT  FILTERS  USING  IMPEDANCE  OR 
ADMITTANCE  INVERTERS 
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(Sec.  9.03).  The  atep-VSWRa  will  generally  be  obtained  from  Chapter  6. 

For  narrowband  filtera  Eq.  (6.09-2/  may  be  uaed.  Thia  ia  equivalent 
(through  Fig.  9.07-1)  to  t.ie  formulae  in  Fig.  8. OS-1  for  the  normalised 
inverter  parameters  Other  equivalent  circuita  for  impedance 

invertera  suitable  for  narrow-band  filter  design  are  given  in  Sec.  8.03, 
but  we  ahall  be  concerned  in  thic  chapter  only  with  the  ahunt- inductance 
of  Fig.  8.03-l(c)  and  the  aeries-capacitance  of  Fig.  8 . 03 -2(d) . 

One  inportent  difference  in  approach  between  this  chapter  and 
Chapter  8  is  that  in  thia  chapter  the  starting  point  or  prototype  circuit 
ia  one  of  the  circuita  in  Fig.  9.02-1  (whose  synthesis  is  precisely  con¬ 
trolled),  whereas  in  Chapter  8  the  exact  synthesis  is  pushed  back  one 
stage  to  the  lumped-constant  prototype  circuit  of  Chapter  4.  For  example, 
the  performance  of  the  circuits  shown  in  Fig.  9,02'l(b),  (c),  having  ideal 
inverters,  would  not  give  exactly  the  prescribed  response  if  designed  by 
the  methods  of  Chapter  8  (although  the  approximations  would  be  very  close 
for  narrow  or  moderate  bandwidths).  However,  the  circuits  in  Fig.  9.02-Kb), 
(c)  have  transmission  characteristics  identical  to  those  of  the  half-wave 
filter  in  Fig.  9. 02- 1(a). 

The  other  important  difference  over  the  previous  chapter  is  that  the 
frequency-behavior  of  the  reactive  discontinuities  { shunt  -  i ndi.ctances  or 
seri es-capaci lances )  is  examined  in  detail.  The  behavior  of  the  discon¬ 
tinuities  leads  to  increasing  distortion  of  the  filter  response  (e.g., 
pass-band  bandwidth  and  stop-band  attenuation),  as  the  frequency  spread 
is  increased.  This  type  of  consideration  can  be  left  out  in  the  design 
of  narrow-band  filters  thereby  simplifying  the  design  process  considerably. 
However,  it  is  important  to  predict  the  distortion  for  filters  having 
large  bandwidths. 

A  quarter-wave  transformer  and  the  notation  associated  with  it  is 
shown  in  Fig.  0,02-2.  The  characteristics  of  maximally  flat  and 
Tchehyschef f  quarter-wave  transformers  are  sketched  in  Fig.  *>.02-3. 

Closely  related  to  the  quarter-wuve  transformer  is  the  stepped  -  impedance 
half-wave  filter  (Sec.  6.03)  sketched  in  Fig.  P.02-4.  Its  characteristics, 
shown  in  Fig.  P.02-5  are  similar  to  those  of  the  quarter-wave  transformer, 
shown  in  Fig.  9.02-3.  If  the  impedance  steps  or  junction  VSWHs 
V  ( i  *  1,2,  n  t  l)  of  u  quarter-wave  transformer  and  a  stepped- 

impedance  half-wave  filter  are  the  same,  then  the  characteristics  of  the 
latter  can  he  obtained  from  those  of  the  former  by  a  linear  change  of 
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JUNCTION  VSWR  a:  V,  V,  V,  ...  yn  +  ( 

PRODUCT.  V,  •  R  1  OUTPUT  /  INPUT  IMPEDANCE  RATIO- 


ALL  ELECTRICAL  LENGTHS  t  ARE  SO  DEGREES  AT  THE 
SYNCHRONOUS  FREQUENCY.  WHICH  IS  ALSO  THE  CENTER  FREQUENCY. 


FIG.  9.02-2  QUARTER-WAVE  TRANSFORMER  USED  AS 
PROTOTYPE  CIRCUIT 
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NORMALIZED  FREQUENCY  l/^.OR,  NORMALIZED  RECIPROCAL  GUIOE  WAVELENGTH  L^/L, 

t-HIMN* 

FIG.  9.02-3  QUARTER-WAVE  TRANSFORMER  CHARACTERISTICS 
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ELECTRICAL 


JUNCTION 

VSWRr  V,  V,  V,  ...  V„  V„„ 

PRODUCT  V.  V  V„,  ,  *  R  DETERMINES  PEAK  ATTENUATION. 

ALL  ELECTRICAL  LENOTHS  9  ARE  ISO  DEGREES  AT  THE 
SYNCHRONOUS  FREQUENCY,  WHICH  IS  ALSO  THE  CENTER  FREOUENC  . . 


FIG.  9.02-4  STEPPED  HALF-WAVE  FILTER  USED  AS  PROTOTYPE 
CIRCUIT 
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FIG.  9.02-5  STEPPED  HALF-WAVE  FILTER  CHARACTERS!  ICS 
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scale  on  the  frequency  axis;  the  stepped- impedance  half-wave  filter 
bandwidth  becomes  one-half  the  quarter-wave  transformer  bandwidth. 


The  parameter  ft  is  again  defined  as  the  product  of  the  discontinuity 
VSWRs  [compare  Eq.  (6.03-4)]: 

ft  *  ...  V„41  .  (9.02-1) 

If  the  fractional  bandwidth  u>  is  less  than  about  20-percent,  and  if,  by 
Eq.  (6.09-1), 


«  » 


(9.02-2) 


then  the  filter  may  be  considered  narrow-band;  this  case  will  be  treated 
in  Sec.  9. 04. 

The  quarter-wave  transformer  prototype  circuit  is  suitable  lor  de¬ 
signing  reactance- coupt ed  filters  up  to  very  large  bandwidths.  As  a  re¬ 
sult,  it  is  subject  to  certain  limitations  that  do  not  complicate  narrow- 
band  design-procedures.  It  is  well  to  understand  these  differences  at  the 
outset.  Basically  they  arise  from  the  fact  that  it  is  not  possible  to 
convert  the  specified  performance  of  the  filter  into  the  performance  of 
the  appropriate  prototype  transformer  over  large  frequency  bands  by  means 
of  simple  equations  or  tabulated  functions.  Instead,  the  frequency  vari¬ 
ations  of  the  reactive  couplings  have  been  used  to  modify  the  known  response  func¬ 
tions  of  quarter-wave  transformers  to  predict  the  performance  of  the 
derived  filters  (Kig.  9.02-1)  over  large  frequency  ranges.  Thus  it  is 
possible  from  the  graphs  to  quickly  calculate  the  principal  filter  char¬ 
acteristics  from  the  transformer  characteristics,  but  not  the  other  way 
around,  as  would  be  more  desirable.  In  the  case  of  wide-band  designs 
where  the  variation  of  reactive  coupling  across  the  pass  band  is  appre¬ 
ciable,  it  is  necessary  first  to  guess  what  prototype  should  be  used,  and 
then  to  match  the  predicted  filter  performance  against  the  specified 
filter  performance;  if  they  are  not  close  enough,  the  process  must  be  re¬ 
peated  with  another  prototype.  What  makes  this  method  feasible  and  prac¬ 
tical  is  the  speed  with  which,  by  means  of  the  design  graphs,  this 
prediction  can  be  made.  Most  of  these  design  graphs  will  be  presented 
in  Sec.  9.08. 
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SEC,  9.03,  SYNCHRONOUSLY  TUNED  REACTANCE-COUPLED  HALF-WAVE 
FILTERS 

Band-pass  filters  of  the  two  configurations  shown  in  Fig.  9.03-1 
are  of  considerable  practical  importance  since  they  are  easily  realised 
in  practice.  These  two  circuits  are  duals  of  each  other:  the  first, 
shown  in  Fig.  9 . 03 -1(a),  consists  of  a  number  of  series  capacitances 
alternating  with  a  number  of  t ransmiss i on- 1 ine  sections;  the  second, 
shown  in  Fig.  9.03-Kb),  consists  of  a  number  of  shunt  inductances  alter¬ 
nating  with  a  number  of  t ransmi ssi on- 1 i ne  sections.  Roth  filters  shown 
in  Fig.  9.03-1  will  be  called  reactance-coupled  half-wave  filters,  in 
the  sense  that  all  line  lengths  between  reactances  approach  one-half 
wavelength  (or  a  multiple  thereof)  as  the  couplings  become  weak.  Each 
line  length  between  discontinuities  constitutes  a  resonator,  so  that  the 
filters  in  Fig.  9.03-1  have  n  resonators.  Notice  that  the  series  elements 
in  Fig.  9.63-l(a)  are  stipulated  to  be  capacitances,  that  is,  their  sus- 
ceptances  are  supposed  to  be  positive  and  proportional  to  frequency. 
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FIG.  9,03-1  REACTANCE-COUPLED  HALF-WAVF  FILTERS 
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Similarly,  the  shunt  elements  in  Fig.  9.03-l(b)  are  stipulated  to  be  in¬ 
ductances,  that  is,  their  reactances  are  supposed  to  be  positive  and 
proportional  to  frequency.  (If  the  transmission  line  is  dispersive,  these 
statements  are  to  be  modified  by  replacing  frequency  by  reciprocal  guide 
wavelength. ) 

All  the  filters  described  in  this  chapter  are  synchronous ly  tuned  as 
defined  in  Sec.  6.01;  that  is,  all  discontinuities  are  so  spaced  that  the 
reflections  from  any  two  adjacent  discontinuities  are  phased  to  give  maxi¬ 
mum  cancellation  at  a  fixed  frequency  (the  synchronous  frequency)  in  the 
pass  band.  At  the  synchronous  frequency  the  filter  is  interchangeable 
with  a  stepped- impedance  half-wave  filter  (Sec.  6.03),  and  the  t th  reactive 
discontinuity  has  the  same  discontinuity  VSWR,  V  ,  as  the  i th  impedance 
step.  1,2  Impedances  are  shown  for  the  seri  es- reactance  coupled  filter  in 
Fig.  9.03-lfa),  and  admittances  for  the  shunt -susceptance  coupled  filter 
in  Fig.  9.03-l(b);  then,  let 

h 

I 

and 

u  c 

i 

Most  frequently  h(  -  1,  since  usually  this  is  mechanically  the  most  con¬ 
venient.  Sometimes  it  may  be  advantageous  for  electrical  or  mechnica) 
reasons  to  make  some  of  the  characteristic  impedance  ratios  h.  different 
from  unity.  For  instance,  it  muy  be  desirable  to  combine  the  filter  with 
an  impedance  transformer  instead  of  cascading  a  filter  with  a  separate 
transformer;  also,  in  some  cases  the  filter  performance  can  be  improved 
appreciably  when  the  values  of  h(  are  selected  carefully,  as  in  Sec.  9.11. 

The  u(  of  the  react ance - coupl ed  filter  are  obtained  from  the  of 
the  stepped- impedance  filter  (Chapter  6),  and  the  h  ,  from 
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FIG.  9.03-2  SHUNT  SUSCEPTANCE  (or  Series  Reoctonce)  AS  A 

FUNCTION  OF  DISCONTINUITY  VSWR  FOR  SEVERAL 
CHARACTERISTIC  ADMITTANCE  (or  Impodonco) 
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The  graph  of  Fig.  9,03-2  give*  some  solutions  of  this  equation.  Generally 
it  will  be  most  convenient  to  select  hf  »  1  (that  is,  all  7. t  or  IV  equal), 
and  then  Eq.  (9.03-3)  simplifies  to 

„  .  /F” - —  .  (9.03-4) 

Sv~ 

The  spacings  .  in  Fig.  9.03-1  are  determined  as  follows:1,2  A  single 
discontinuity  of  a  series- reactance  coupled  filter  is  shown  in  Fig.  9.03-3. 
(A  similar  notation,  but  «iih  Y  for  7.  and  B  for  X,  applies  to  a  shunt  sus- 
ceptance  coupled  filter.)  It  represents  the  ith  discontinuity  of  the 
filter  (Fig.  9.03-1).  If  the  reflection  coefficients  of  this  discontinuity 
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in  the  two  reference  planes 
shown  are  to  be  pure  imaginary 
quantities, *•*  then  one  haa  to  set 

*•  •  57 — ) 


(9.03-5) 
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—  arc  tan  I - 
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(9.03-6) 
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PIG.  9.03-3  SERIES-REACTANCE  COUPLING 
OF  TWO  LINES  WITH  DIFFERENT 
CHARACTERISTIC  IMPEDANCES 


The  apacings  0 .  in  Fig.  9.03-1  are  now  given  (in  radians)  by 


t)  *  —  +  0“  ♦  0* 

I  I)  1  I  T|l| 


(9.03-7) 


When  h  ■  1,  these  equations  reduce  to 

.  1  /U>\ 
7  arc  tBn  [yj 


(9.03-8) 


and  then* 


—  +  0>.  +  > b  .. 

2  ~ 1  ~  a  ♦  i 


77  i  r  /u,\  / « * ♦  aI 

■  t +7|_arc  \T' +  #rc  t#n  \~/J 

if  /  2  \  /  2  \ 

■  77 - arc  tan  - 1  +  arc  tan  -  I 

2  L  \uil  \ui*J_ 


\  (9.03-9) 


*  TIion  iqaitiou  an  aqaiialiit  to  Eg*.  (5)  of  Pigs.  8.05-1  aaf  8.06*1. 
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SEC.  9.04,  NARROW-BAND  HALF-WAVE  FILTERS 


The  main  application  of  this  chapter  ia  to  wide-band  filters.  How¬ 
ever,  aince  the  design  of  narrow-band  filters  ia  simpler,  it  will  be 
convenient  to  use  the  narrow-band  case  to  illustrnte  the  method  in  its 
simplest  form. 

When  the  impedance-steps  of  a  narrow-band  (Sec.  9.01)  stepped- 
impedance  half-wave  filter  (Sec.  6.03)  are  replaced  by  reactances  haying 
the  same  disconti nui ty -VSWKs ,  and  the  filter  ia  again  synchronously 
tuned  (Sec.  9.03),  then  there  is  little  change  in  the  characteristics  of 
the  filter  in  and  near  the  pass-band  region.  All  the  formulas  necessary 
to  carry  out  this  conversion  have  been  given  in  Sec.  9.03.  It  is  not 
necessary  to  maintain  uniform  line  impedance  (all  or  F(  the  same), 

but  it  ia  uaually  convenient  to  do  so. 

For  narrow-band  filters,  both  quarter-wave  transformers  and  lumped- 
constant  low-pass  filters  will  serve  as  a  prototype,  and  the  conversion 
from  either  prototype  into  the  actual  filter  is  equally  convenient.  The 
choice  of  prototype  depends  on  two  factors:  ' 

(1)  Which  prototype  results  in  a  filter  that  meets  the  design 
apeci ficat ions  more  closely,  and 

(2)  Which  prototype  design  ia  more  readily  available. 

The  quarter-wave  transformer  is  better  as  regards  Point  (1),  but  the 
difference  in  accuracy  is  usually  negligible  for  narrow-band  filters; 
the  lumped-constant  low-pass  filter,  on  the  other  hand,  is  generally 
more  convenient  as  regards  (2).  The  reason  for  this  is  that  explicit 
formulas  exist  for  the  lumped-constant  low-pass  filter  of  n  elements 
(Chapter  4),  whereas  the  numerical  design  of  transformers  demands  great 
arithmetical  accuracy,  and  becomes  con ven i ent *on  1  y  for  those  cases  where 
the  solutions  have  been  tabulated  (Chapter  6). 


A  lumped-constant  low-pass  filter  (Chapter  4)  can  serve  as  a  proto¬ 
type  circuit  for  a  narrow-band  s topped  -  impedance  half-wave  filter. 
Equations  (6.09-2)  with  the  substitution  w  -  2w ,  reduce  to 


Vi 
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H  ♦  1 
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when  2  <  t  <  n 


(o.  oi-n 
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where  u>  is  the  fractional  bandwidth  of  the  narrow-band  half-wave  filter. 
The  reactances  are  then  obtained  from  Kq.  (9.03-3)  or  (9. 03-4)  and  the 
spncings  from  F.q.  (9.03-5)  through  (9.03-9).  The  low-pass  prototype 
filter  is  here  assumed  to  be  either  symmetric  or  antimetric  (Sec.  4.05), 
and  element  values  for  maximally  flat  and  Tchebyscheff  prototypes  of  this 
type  can  be  found  in  Sec.  4.05.  The  parameter  ojJ  is  the  cutoff  frequency 
of  the  low-pass  prototype  filter. 

Example  —  It  is  desired  to  design  a  rear tanc e -coup  1  ed  half-wave  filter 
to  have  a  pass-band  VSWH  of  better  than  1.10  over  a  10-percent  bandwidth, 
and  to  have  at  least  25  <lb  of  attenuation  ut  a  frequency  10  percent  above 
band  center  (i.e.,  twice  as  far  out  as  the  desired  band-edge). 

This  filter  can  be  considered  narrow-band,  and  may  be  based  on  a  low- 
pass  prototype  circuit  (Sec.  4.05),  since  the  ripple  VSWI!  of  1.10  exceeds 
the  quantity  1  +  (2ie)2  *  1.04,  as  mentioned  in  Sec.  0.01 

We  must  next  determine  the  minimum  number  of  resonators  with  which 
these  specifications  can  I.e  met.  Selecting  a  qua ri.e r -wave  transformer  of 
fractional  bandwidth  w ^  =  0.20,  since  w  =■  0.10,  and  with  Vr  1.10,  the 
attenuation  at  twice  the  hand-edge  f requency - i nc rement  (sec  the  first 
example  in  Sec.  6.09)  is  24.5  dl>  for  n  *  5  sections  and  35.5  db  lor 
n  »  6  sections.  Since  the  filter  attenuation  at  the  corresponding  fre¬ 
quency  above  the  pass-band  will  be  somewhat  less  than  it  was,  n  ■  5  is 
certainly  not  enough  resonators.  We  then  tentatively  select  n  ~  6.  It 
will  be  shown  in  Sec.  9.08  ihut  the  attenuation  in  the  stop  hand  of  the 
narrow-bund  reactance-coupled  half-wave  filter  of  Kig.  9.03-1  differs 
from  the  attenuation  of  the  narrow-hand  st epped- impedance  half-wave  filter 
of  Sec.  6.09  by  approximately 


=  20  (n  I  I)  log,c^— j  db 


(9.04-2) 


where  f / f 0  is  the  normalized  frequency  (the  ratio  of  the  frequency  f  to 
the  center  frequency  /0).  This  A l. A  has  to  be  added  to  the  attenuation 
of  the  stepped- impedance  filter  to  give  the  attenuation  of  the  reactance- 
coup  led  filter. 

I.et  us,  for  instance,  calculate  the  attenuation  of  the  filter  at 
f/fu  1.10.  Using  Kq.  (9.04-2),  with  n  ■  6, 

N.a  -  -20  *  7  x  log)0  (1.1)  *  -5.8  dt»  (9.04-3) 
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which  show*  that  the  filter  attenuation  ia  5.8  db  leta  than  the  atten* 
uation  of  the  half-wave  atepped  filter  at  /  ■  1.1  /(>  that  ia,  - 
35.5  -  5.8  *  2d. 7  db.  Thia  exceeda  the  25-db  attenuation  apecified, 
which  confirna  our  choice  of  n  •  6.  The  discontinuity  VSWRa  ure  then 
given  by  Eq.  (6. 0**-4 ) .  Taking  the  a'  a.it-inductance-coupled  filter  of 
Fig.  9.03-1,  with  all  E,  equal  to  K0 ,  yields 


B 


B, 


—  -  —  -  -1.780 


-6.405 


-9.544 


-10.154 


>  (9.04-4) 


and  from  Eq.  (9.03-9), 


*  147.16  degrees 


165.41  degrees 


168. 51  degrees  . J 


>  (9.04-5) 


This  filter  was  analyied  and  its  computed  response  is  shown* in 
Fig.  9.04-1  (solid  line)  together  with  the  computed  response  of  the 
stepped- impedance  half-wave  filler  (broken  line).  (The  stepped  -  impedance 
half-wave  filter  has  the  same  characteristics  as  the  quarter-wave  trans¬ 
former,  except  for  a  linear  change  o f  sea  1  e ,  by  a  factor  of  ‘J  along  the 
frequency  axis.)  It  is  seen  that,  the  band  edges  of  the  filler  and  its 
stepped- impedance  half-wave  filtei  prototype  very  nearly  coincide,  and 
that  the  peak  ripples  in  the  two  puss  bunds  an  neatly  the  same  height. 
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The  VSWR  ripple  in  the  peas  bend  ia  very  close  to  1.10.  The  quarter* 
wave  transformer  design  is  itself  only  approximate,  and  the  ripple  heights 
(broken  line,  top  of  Fig.  9.04*1)  are  not  exactly  the  same,  since  the  trans* 
former  was  designed  from  a  lumped-constant  low-pass  prototype  (first  ex¬ 
ample  in  Sec.  6.09).  The  causes 
of  imperfection  in  the  filter 
response  in  Fig.  9.04-1  may  in 
this'caae  be  ascribed  partly  to 

(1)  the  imperfect  quarter-wave 
transformer  response,  since  the 
transformer  was  derived  by  an 
approximation  from  a  lumped- 
constant  circuit,  and  partly  to 

(2)  the  further  approximation 
involved  in  deriving  the  filter 
with  its  unequal  spacings  and 
frequency-sensitive  couplings 
from  the  transformer. 

With  regard  to  the  imper¬ 
fect  quarter-wave  transformer 
response,  there  is  clearly 
little  room  for  improvement,  as 

can  be  seen  from  Fig.  9.04-1.  MOMMUZED  FREQUENCY  —  f/tj 

As  for  the  further  approxima-  ,*'*i 

tions  involved,  one  could  ad-  FIG.  9.04-1  CHARACTERISTICS  OF  A  SIX- 

iust  the  line  characteristic  RESONATOR  FILTER  AND  ITS 

.  STEPPED-IMPEDANCE  HALF- 

impedanccs  to  improve  the  per-  WAVE  FILTER  PROTOTYPE 

formance  (as  is  explained  in 

Sec.  4.11),  but  this  would  also  result  in  only  a  very  small  improvement. 
These  adjustments  were  not  considered  further  in  the  ptesent  example. 

The  attenuation  of  the  filter  at  ///„  =  1.1  had  been  predicted  from 
Eq.  (9.04-2)  to  be  29.7  db.  This  gives  one  of  the  circle  points  in 
Fig.  9.04-1,  and  falls  very  close  to  the  curve  computed  by  analysis  of 
the  filter  (solid  line);  other  points  predicted  using  Eq.  (9.04-2)  also 
fall  very  close  to  this  computed  curve. 
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SEC.  9. OS,  PRACTICAL  REALIZATION  OF  REACTIVE  COUPLINGS 


Stritt  Capacitancet*— Series-capacitive  coupling  can  bo  realised 
easily  in  coaxial  line  or  atrip  transmission  line  by  breaking  tbe  inner 
conductor  as  shown  in  Fig.  9. OS-1.  The  gap-apacing  is  controlled  to  pro¬ 
duce  the  desired  capacitance.  When  air  dielectric  ia  used,  filters 
coupled  by  series  capacitances  should  hsve  lower  dissipation  losses  than 
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SOURCE!  Quarterly  Prop***  Report  5,  Cowack  DA  36-03*1,  SC  87348,  SRI; 
rtprlalid  in  the  Microwave  Joarnol  (Soo  Ref.  4  by  Loo  Yowafl). 

FlG.  9.05-1  REALIZATION  OF  SERIES-CAPACITANCE 

REACTANCE-COUPLED  HALF-WAVE  FILTERS 
(o)  Filter  In  Coaxial  Line 

(b)  Filter  in  Strip  Transmission  Line 

(c)  and  (d)  Series  Capacitance  in  Coaxial  Line 


filters  using  (hunt  inductive  poets  or  iriaee  (considered  below),  be* 
cause  of  their  ohmic  losses. 

The  gap  spacing  that  will  produce  the  desired  coupling  can  be  deter¬ 
mined  either  experimentally  or  theoretically.  Experimentally  one  can 
proceed  as  follows:  The  desired  VSWR  of  each  discontinuity  is,  by  def¬ 
inition,  equal  to  the  junction  VSWR  of  the  corresponding  step  of  the 
prototype  transformer.  The  VSWR-versus-gap-spacing  curve  can  be  deter¬ 
mined  experimentally  by  direct  measurement,  or  by  measuring  attenuation, 
or  by  using  two  identical  gaps  to  obtain  resonance  and  measuring  the  3  db 
bandwidth.  The  curve  can  then  be  plotted  for  the  particular  transmission 
line  at  the  synchronous  frequency  of  the  pass  band.  The  desired  gap 
spscings  are  read  off  from  this  curve. 

In  general  it  would  be  difficult  to  calculate  the  capacitance  of  a 
gap  for  arbitrary  cross-sectional  shape.  However  good  approximations 
for  the  circular  inner  conductor  inside  a  circular  outer  conductor 
(Fig.  9.05-1)  can  be  obtained  in  the  following  two  ways. 

The  first  approximation  is  as  follows:  The  inside  diameter  of  the 
outer  tube  is  b  inches;  the  diameter  of  the  concentric  inner  conductor 
is  a  inches;  and  the  gap  spacing  is  s  inches,  us  shown  in  Fig.  9.05-2- 


•  •  INNER  CONOUCTOR  DIAMETER 
»  »  OUTER  CONOUCTOR  DIAMETER 

•  •  Otf  lKCM 

«,  •  DIELECTRIC  CONSTANT  IN  OAR 

€,•  DIELECTRIC  CONSTANT  IN  COAXIAL  LINE 

SOURCE  i  QuiMrlr  Profrau  Rtpon  S,  CoMrecl  DA  SS-0S9,  SC  STS  VS.  SRli 
nwlsd  Is  Itw  Microwave  Jovraol  (S«o  Rol.  4  Sr  Lro  Youa*). 


FIO.  9.05-2  NOTATION  FOR  SERIES  CAPACITIVE  CAP  IN 
COAXIAL  LINE 


1 


The  following  foraula  in  adapted  from  an  approxiaate  foraula  given  by 
Marcuvitr*  which  ia  valid  when  (b  -  a)  <  X,  »  «  X,  and  •  «  (6  -  a), 
where  X  ia  the  frea-apace  wavelength.  Then 

C  -  Cf  +  Cf  (9.05-1) 

where 

0.1764  eMa* 

C  «  -  picofarad*  (*>.05-2) 

'  s 

-m 

ia  the  parallel-plate  capacitance. 


Cj  «  0.2245  er, o  In  ^ ^  picofarad*  (9.05-3) 

ia  the  fringing  capacitance,  and  trJ  and  £, .  are  the  relative  dielectric 
couatanta  of  the  Material*  (Fig.  9.05-2).  Equation*  (9.05-2)  and  (9.05-3) 
are  given  alao  in  mka  units  in  Ref.  4. 

Second,  a  more  accurate,  but  atill  approximate,  estimate  of  the 
capacitance  in  Fig.  9.05-2  can  be  obtained*  by  Fig.  5.05-9:  use  the 
curve  for  t/b  ■  0  and  determine  the  quantity  AC/e  uaing  the  aame  %/b 
(Fig.  9.05-2)  on  the  abaciaaa.  In  Fig.  5.05-9  e  ia  our  present  £j, 
which  ia  the  absolute  dielectric  constant  for  Dielectric  2  in  Fig.  9.05-2. 
Then  the  capacitance  is  given  by  Eq*.  (9.05-1)  and  (9.05-2)  but  with 
Eq.  (9.05-3)  replaced  by 


Cj  •  0.353  trJa  picofarads  (9.05-4) 

where  (AC/« )c  is  the  quantity  AC/e  in  Fig.  5.05-9.  Both  Eqs.  (9.05-3) 
and  (9.05-4)  tend  to  underestiaate  the  true  capacitance.  For  d/b  <0.1, 
the  two  approxiaate  formulas  for  the  total  capacitance  C  agree  to  within 
5  percent. 

Numerical  data  for  a  rectangular  strip  transmission  line  with  a 
atrip  cross  section  0.184  inch  by  0.125  inch  is  given  in  Fig.  8.05-3. 

Example-- Find  the  capacitance  of  a  gap  in  a  coaxial  line  whose 
dimensions  (Fig.  9.05-2)  are  b  ■  0.575  inch,  o  ■  0.250  inch,  *  ■  0.025  inch. 
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The  relative  dielectric  constant  in  the  gap  ia  cr|  ■  2.0  and  the  relative 
dielectric  constant  between  the  conductors  is  £r}  •  2.S.  Then  find  the 
noraialited  reactance  at  a  frequency  of  1.3  Gc.  Fros  Eq.  (9. 05-2), 

Cf  ■  0.882  picofarad  (9.05*5) 

and  f roe  Eq.  (9.05-3) 

Cf  ■  0.371  picofarad  .  (9.05-6) 

Thus  the  total  capacitance  ia 

C  -  Cf  +  Cf  -  1.253  picofarads  .  (9.05-7) 

The  line  impedance  is 


Z 


o 


31.6  ohms 


(9.05-8) 


and  therefore  the  normalised  reactance  at  1.3  Gc  is 


X  101* 

— —  s  '  '  '  . .  - '  — 

Zo  2 v  x  1300  x  jo*  x  1.253  x  31.6 
-  3.08  • 


(9,05-9) 


In  this  case,  by  Eqs .  (9.05-5)  and  (9.05-6),  about  three-tenths  of 
the  total  capacitance  is  due  to  the  fringing  fields;  as  the  gap  is  reduced, 
both  and  increase,  but  an  increasingly  higher  proportion  of  the  total 
capacitance  is  due  to  . 

Filters  with  series-capacitance  couplings  were  also  treated  in 
Sec.  8.05,  and  have  been  discussed  by  Cohn,7  Ragan,  *  and  Torgow. *  The 
sleeve-like  coupling  shown  in  Fig.  9 . 05 -1(d)  is  a  short,  open-circuited 
stub  rather  than  a  lumped  capacitance.  When  its  length  is  increased  to 
one-quarter  wavelength  at  center  frequency,  and  the  connecting  lines  are 
also  made  one-quarter  wavelength  long  at  center  frequency,  then  a  differ¬ 
ent  type  of  filter,  although  still  with  somewhat  similar  electrical  char¬ 
acteristics,  results  from  this  chenge.  This  type  of  filter  has  been 
treated  by  Matthaei , 19  and  constructional  details  have  also  been  given  by 
Boatick. 11  ... 


Shunt  Inductances  — Shunt-inductive  coupling*  c*n  easily  be  realised 
in  coaxial  line,  atrip  tranauiaaion  line,  and  waveguide.  Some  of  the 
common  structures  are  shown  in  Fig.  9. OS-3.  Numerical  data  on  aome  of 
the*  have  been  given  in  Sec.  8.06,  and  a  few  further  references  will  be 
■entioned  here. 


FIG.  9.05-3  REALIZATION  OF  SHUNT-INDUCTANCE 

REACTANCE-COUPLED  HALF-WAVE  FILTER 
(o)  In  Cooxiol  Line;  (b)  and  (c)  In  Waveguide 

Ax  long  as  tha  obstacles  ere  thin  in  an  axial  direction,  their  re¬ 
actances  are  nearly  proportional  to  frequency,  or  reciprocal  guide  wave¬ 
length  in  dispersive  waveguide.  In  addition,  short-circuit  stubs  also 
behave  approximately  as  inductances  when  their  lengths  are  well  below 
one-quarter  wavelength.  In  this  case,  however,  the  stub  equivalent  cir¬ 
cuit  is  more  complicated  than  a  simple  shunt  inductance,  since  the  T- 
j unction  reference  plane  positions  and  the  coupling  ratio  all  change 


with  frequency,  and  the  atub  can  then  be  approximated  by  a  single  in¬ 
ductance  only  over  a  limited  frequency  band. 

Nume  rical  data  are  available  for  a  aingie  poet,  for  double  poata, 
and  for  four  poata  in  coaxial  line,8,11  as  shown  in  Figa.  9.0S-3(a)  and 
9. OS-4.  Data  on  ahunt-inducti ve  irises  [Fig.  9.0S-3(b)]  and  a  aingie 
center  poat  in  waveguide  are  graphed  in  Figa.  8.06-2  and  8.06-3.  As 
shown  in  Fig.  9.05-3(c),  one  can  also  use  double  symmetrical  posts,8 
equally  spaced  triple  poata,8  and  even  more  than  three  equally  spaced 
posts8  in  waveguide.  Data  on  strip- line  shunt-inductive  stubs  are 
given  in  Figs.  8.08-2(a).  (b)  to  8.08-4(a),  (b). 


(a)  (b)  (c) 


*  »!'  * 


FIG.  9.05-4  CROSS-SECTIONAL  VIEW  OF  ROUND  SHUNT- 
INDUCTIVE  POSTS  IN  COAXIAL  LINE 
(a)  Single  Post,  (b)  Two  Posts,  (c)  Four  Posts 


As  long  as  all  of  these  discontinuities  can  be  represented  by  shunt 
inductancea  — that  is  to  say  by  positive  reactances  whose  reactance  values 
are  proportional  to  frequency  or  to  reciprocal  guide  wavelength— the  de¬ 
sign  data  reported  here  apply  up  to  very  large  bandwidths. 

SEC.  9.06,  SOME  STANDARDIZED  PSEUDO-HIGH-PASS  FILTER  DESIGNS 

K  problem  frequently  encountered  is  the  design  of  a  high-pass  filter 
with  capacitive  couplings  of  the  type  shown  in  Fig.  9.03-1.  Actually, 
this  filter  is  not  high-pass  but  band-pasa;  however,  for  large  bandwidtha 
the  upper  stop  band  becomes  vestigial,  because  the  series  reactances  di¬ 
minish  rapidly  with  increasing  frequency.  Such  a  filter  may  therefore  be 
called  pseudo-high-pai « .  In  the  past  it  haa  usually  been  designed  on  an 
image-impedance  basis  (See  Chapter  3),  often  leading  to  increasing  ripple 
amplitude  in  the  peas  band  near  the  cutoff  frequency  (lower  band  edge). 

An  equal-ripple  characteristic  would  generally  be  preferable;  a  systematic 
design  procedure  for  equal-ripple  wicle-band  filters  is  given  in  this  chapter 
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The  fractional  bandwidth,  tv,  of  nondiaperai ve  filtera  ia  defined 
aa  in  Chapter  6,  by 


(9.06-1) 


(9.06-2) 


where  /t  and  ft  are  the  lower  and  upper  paas-band  edge  frequenciea,  and 
\|,  end  are  the  correaponding  wavelengths.  For  dispersive  filtera, 
guide  wavelength  haa  to  be  substituted  in  Eq.  (9.06-2),  and  then 


w  ■ 


(9. 06-3) 


The  design  of  an  e  iglit- resonator  (i.e,  n  •  8)  filter  with  0.1-db 
pass-band  ripple  and  fractional  bandwidth  0.85  is  treated  in  the  last  ex¬ 
ample  of  Sec.  9.09.  (A  fractional  bandwidth  of  0.85  corresponds  to  fJ/fl  *  2.5.) 

Its  normalised  series  reactances  (or  shunt  susceptances  B,/F 0)  were 

lound  to  be  "0.2998,  "0.4495,  ~0.613,  "0.700,  0.725,  "0.700.  0.613, 

0.4405  and  “0.2008.  Since  the  thrre  cent-al  elements  were  so  nearly 
alike,  they  were  each  set  equal  to  0.710  for  the  present  purpose.  The 
responses  of  several  filters  with  normalized  series  reurtances  (or  shunt 

susceptances)  -0.2008,  *0.4405,  "0.613,  "0.710,  -0.710 . -0.710, 

O.hl.t,  "0.4405,  “0.209R  were  then  analyzed  numerically  on  a  digital 
computer.  Since  all  X|  are  the  same,  then  by  Eq.  (9.03-9)  the  line 

lengths  are  100.60,  104.85,  108.20,  100.54 .  100.54,  108.20,  104.85, 

und  100.60  electrical  degrees.  When  eight  or  more  resonator  lines  are 
used,  involving  three  or  more  identical  central  elements,  the  filter  may 
be  thought  of  as  u  periodic  structure  with  three  (instead  of  the  usual 
one)  impedance-matching  resonators  at  each  end.  The  performance  of  five 
such  filters  with  eight,  nine,  ten,  twelve,  and  fifteen  resonators  is 
shown  in  Figs.  9.06-1  and  0.06-2.  It  is  seen  that  the  computed  perform¬ 
ance  closely  meets  the  predicted  one:  only  in  the  f i f teen- resonator  filter 
(which  contains  ten  identical  coupling  reactances)  are  there  any  ripples 
appreciably  greater  than  0.1  db,  and  even  then  there  are  only  two  large 
ripples,  one  |ust  inside  each  band  edge  (Fig.  9,06-1). 

S3t 
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B-JflIT-JM 


SOURCE:  Quarterly  l*r  ogress  Report  f>,  Contract  DA  36*039,  SC  8739H, 
SRI;  reprinted  in  the  Microwave  Journal  (See  Ref.  17  by 
Leo  Young  and  R.  M.  Schiffman). 


FIG.  9.06-1  PASS-BAND  RFSPONSE  OF  FIVE  PSEUDO- 
HIGH-PASS  FILTERS 
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NORMALISED  FREQUENCY  —  */»o 


SOURCE:  Quarterly  Progreaa  Report  5,  Contract  HA  36-039,  SC  87398,  SRI; 
reprinted  in  tha  Microwave  Journal  (Sea  Ref.  17  by  Leo  Young 
and  R.  M.  Schiffman). 


FIG.  9.06-2  STOP  BAND  RESPONSE  OF  FIVE  PSEUDO-HIGH-PASS  FILTERS 


540 


The  rate  of  cutoff  (skirt  selectivity)  improves  as  the  number  of 
resonators  is  increased,  as  can  be  seen  from  Fig.  9.06-2,  increasing  by 
approximately  the  same  number  of  decibels  per  resonator  added.  Since  the 
upper  stop  band  is  not  particularly  useful,  these  filters  will  find  appli¬ 
cation  as  high-pass  rather  than  as  band-pass  filters. 

SEC.  9.07,  AN  EXPERIMENTAL  WIDE- BAND  WAVEGUIDE  FILTER 

In  order  to  test  the  performance  of  the  paeudo-high-pass  filter 
described  in  Sec.  9.06,  a  six-cavity  filter  derived  from  the  eight- 
cavity  design  of  Sec.  9.09  was  constructed  in  waveguide.  Because  all 
of  the  central  cavities  have  been  removed,  the  six-cavity  design  is  the 
sma  1  lest  possi ble  filter  of  the  group  of  periodic  structures  with  three 
matching  resonators  on  each  end.  The  end  three  shunt  susceptances,  the 
single  shunt  suaceptance  in  the  center,  and  the  line  lengths  are  unchanged. 

A  photograph  of  the  waveguide  filter  is  shown  in  Fig.  9.07-1.  For 
this  design,  WR-137  waveguide  (1.372  inches  *  0.622  inch  I.D.)  was  used 
and  the  lower  cutoff  frequency  was  chosen  to  be  6.4  Gc,  which  is  well 
above  the  waveguide  cutoff  frequency  of  4.3  Gc.  The  upper  band  edge  is 
9.0  Gc  and  the  design  center  frequency  is  6.8  Gc .  The  shunt  susceptances 
are  symmetrical  irises  0.020  inch  thick  designed  with  the  aid  of  graphs 
in  Fig.  8.06-2(b). 

An  empirical  adjustment  was  made  to  allow  for  the  iris  thickness, 
amely,  the  aperture  d  (Fig.  8.06-2)  was  increased  by  0.020  inch  (an 
amount  equal  to  the  iris  thickness).  It  is  known  that  the  shunt  suscep- 
tance  of  a  waveguide  iris  is  not  an  exact  linear  function  of  guide  wave¬ 
length;  the  iris  inductances  cannot  therefore  be  treated  as  constants 
independent  of  frequency.  Since  the  most  important  single  frequency  of 
a  high-pass  filter  is  the  lower  cutoff  frequency,  the  iris  susceptances 
were  made  to  coincide  with  the  values  of  the  design  susceptances  at  5.4Gc 
(the  lower  band-edge  or  cutoff  frequency)  rather  than  at  6.8  Gc  (the  band 
center).  The  response  of  the  filter  was  then  computed  using  the  curves 
in  Fig.  8 . 06 -2(b)  to  obtain  the  numerical  values  of  the  shunt  susceptances 
at  each  frequency.  It  was  found  that  the  computed  difference  in  perform¬ 
ance  between  the  physically  more  realistic  filter  [based  on  Fig.  8 . 06 -2(b)] 
and  the  one  assuming  constant  iris  inductance  (i.e.,  suaceptance  propor¬ 
tional  to  guide  wavelength)  could  hardly  have  been  detected  experimentally. 
We  therefore  conclude  that  the  irises  might  equally  well  have  been  designed 
to  have  the  correct  values  at  the  band  center. 
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FIG.  9.07-1  EXPERIMENTAL  WAVEGUIDE  FILTER  FOR  C-BAND 


The  widths  of  the  i r i s - ope n i ngs  for  the  experimental  six-cavity 
filter  (starting  at  one  end  and  going  towards  the  center)  are  1.026, 

0.058,  0.808,  and  0.870  inch,  respectively.  The  cavity  lengths  (again 
starting  from  one  end)  are  0.626,  0.653,  and  0.674  inch  respectively. 
Insertion  loss  and  VSW11  measurements  were  made,  and  the  results  were  as 
shown  in  Kig.  0,07-2.  While  the  general  shape  of  the  computed  response 
curve*  was  followed  remarkably  well  by  the  measured  points,  a  slight  shift 
toward  the  h i gher- frequency  region  is  evident.  This  may  be  due  in  part 
to  the  fact  that  cavity  lengths  were  measured  between  center  lines  of  the 
0.020-inch  irises  with  no  allowance  for  iris  thickness. 


*  The  computed  curve  ehoen  eea  programmed  for  conatent  inductance,  i.f.,  euaceptance  directly 
proportional  to  guide  eevplenglh. 
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FIG.  9.07-2  COMPUTED  AND  MEASURED  PASS-BAND  RESPONSE  OF 
SIX-RESONATOR  EXPERIMENTAL  FILTER  FOR  C-BAND 


SEC.  n.oR,  DESIGN  H)H  SPECIFIED  HAND  EDGES  AND  STOP-BAND 
ATTENUATION 


Typical  characteristics  of  u  quarter-wave  transformer  and  the  reac- 
tively  coupled  filter  derived  from  it  are  shown  in  Fig.  9.08-1.  The 
transformer  prototype  has  a  symmetrical  response  (broken  line)  on  a  fre¬ 
quency  scale.  Denoting  its  hand  edges  by  / J  and  (Fig.  9.08-1),  the 
frequency  of  synchronous  operation  (Sec.  9.08)  is  also  the  mean  or  center 
frequency, 


f, 


(9.08-1) 


The  response  is  symmetrical  ubout  When  the  impedance  steps  of  the 

transformer  (Chapter  6)  are  replaced  by  series  capacitances  or  shunt  in¬ 
ductances,  then  the  new  response  is  us  indicated  by  the  solid  line  in 
Fig.  9.08-1.  The  following  general  chunges  should  be  noted: 


543 


SYNCHRONOUS  FREQUENCY  :  VtO,  +  •*  ) 

FILTER  MEAN  FREQUENCY  :  ^  (»,♦  I,  ) 

l-MINMI 

FIG.  9.08-1  GENERAL  CHARACTERISTICS  OF  REACTANCE-COUPLED 
HALF-WAVE  FILTER  AND  QUARTER-WAVE  TRANSFORMER 
WITH  SAME  DISCONTINUITY  VSWRs  AND  SAME 
SYNCHRONOUS  FREQUENCY 


(1)  The  bandwidth  has  contracted.  (For  snail  bandwidths  this 
is  the  only  change  of  major  concern.) 

(2)  The  lower  band  edge  has  contracted  (/j  to  )  more  than  the 
upper  band  edge  ( / J  to  /2 )•  If  both  the  transformer  and 
the  filter  have  the  same  synchronous  frequency  /Q,  then 
the  new  mean  frequency  (defined  as  the  arithmetic  mean  of 

f ,  and  / , ) 

f  i  *  ft 

/.  *  - 2 -  (9.08-2) 

is  greater  than  /#,  the  frequency  of  synchronous  tuning. 

Also,  the  two  curves  in  the  upper  stop  band  cross  earh 
other,  and  the  response  is  not  symmetrical  about  /,. 

(3)  The  ripple  amplitude  inside  the  pass  band,  for  a 
Tchebyscheff  filter,  has  not  changed  appreciably.  (This 
is  not  indicated  in  Fig.  9,08-1.) 
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Bandwidth  Contraction— Ha  shall  define  the  fractional  bandwidth  * 
of  the  filter  in  the  uaual  way  by 


w 


The  fractional  bandwidth  of  the  transformer  is 


The  bandwidth  contraction  factor  /S  is  then  defined  by 


(9.08-3) 


(9.08-41 


fi  •  —  (9.08-5) 

% 

and  can  be  obtained  from  the  graphs  given  in  Fig.  9.08-2  as  a  function 
of  A,  the  ratio  (greater  than  one)  of  the  output  impedance  to  the  input 
impedance  of  the  transformer  prototype.  For  narrow  bandwidtha,  the  paaa 
band  ia  nearly  symmetrical  on  a  frequency  scale,  and  ao  the  bandwidth 
also  determines  the  band  edges.  (For  narrow-band  filtera,  >9  will  be  close 
to  0.5,  as  in  the  example  in  Sec.  9.04.)  For  wide-band  filtera,  the  band¬ 
width  contraction  does  not  give  the  whole  story,  and  one  has  to  consider 
the  movement  of  the  two  band  edges  separately,  as  will  now  be  shown. 

Pass-Band  Distortion  —  It  will  be  shown  in  Sec.  9.10  that  one  would 
expect  the  response  to  be  approximately  symmetrical  when  plotted  not 
against  frequency,  but  against  the  quantity 


A/  f  ~ 

<///,r  <///»>“ 


(9.08-6) 


as  shown  in  Fig.  9.08-3,  and  that  for  highly  selective  filters  (filters 
corresponding  to  large  transformer  output-to-input  impedance  ratio,  A), 
the  exponent  a  is  given  approximately  by 

a  i  1  +  —  (large  A)  (9.08-7) 
n 
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FIG.  9.08-2  BANDWIDTH  CONTRACTION  FACTOR  /3  AS  A 
FUNCTION  OF  n  (Number  of  Resonator*)  AND  R 
(Ditcontinuity-VSWR  Product) 


FIG.  9.08-3  A  METHOD  OF  TRANSFORMING  THE 

FREQUENCY  VARIABLE  TO  OBTAIN  AN 
APPROXIMATELY  SYMMETRICAL  FILTER 
CHARACTERISTIC 
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PASS-BAND  DISTORTION  FACTOR 


where  n  is  the  number  of  transformer  sections  or  filter  resonators.  (The 
case  a  «  1 ,  corresponding  to  large  n,  leads  to  a  symmetrical  response  on 
a  wavelength  scale,  as  previously  noted  by  Cohn,*  using  different 
arguments.  ) 

When  fl  approaches  unity,  a  will  approach  ?ero  for  synchronous  filters 
for  all  n,  regardless  of  the  frequency  dependence  of  the  couplings.  Thus 
any  curve  in  Pig.  9.08-4  must  pass  through  the  origin.  Similarly, 

Eq.  (9.08-7)  supplies  the  asymptotes  for  the  graph  of  Fig.  9.08-4. 

Equation  (9.08-6)  can  be  made  exact  for  the  two  band-edge  frequencies, 
ft  and  /j,  by  defining 


log  (A/j/A/,  ) 

a  -  -  (9.08-8) 

log  (/j //,) 


AVERAGE  DISCONTINUITY  -VSWR —  V„*R1'"'*" 

a-3«r-sr; 

FIG.  9.08-4  PASS-BAND  DISTORTION  FACTOR,  \  VERSUS  AVERAGE  DISCONTINUITY  VSWR, 
Vov,  SHOWING  THE  SOLUTIONS  FOR  FOURTEEN  PARTICULAR  CASES  JOINED 
BY*  A  SMOOTH  CURVE 
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s 


where 


A/*  -  A"/.' 


(9. 08-«») 


Equation  (9.08-8)  will  henceforth  be  used  as  the  definition  of  a.  The 
paraaieter  a  tea  thua  calculated  for  fourteen  widely  different  filters 
whoae  reaponae  curves  had  been  computed,  having  from  n  ■  3  to  8  res¬ 
onators  plus  one  with  n  *  1  resonator,  and  for  bandwidths  varying  from 
narrow  (10  percent)  through  medium  to  wide  (85  percent).  These  fourteen 
points  are  plotted  in  Fig.  9.08-4  against  the  average  discontinuity  VSWR, 


V 


•  ¥ 


fll  /<*♦!  ) 


(9.08-10) 


it  is  seen  that  eleven  points  can  be  joined  by  a  smooth  curve  running 
through  or  very  close  to  them.  The  three  exceptions  are  explained  as 
follows:  One  is  for  n  ■  1  (see  Sec.  9.10),  and  then  by  Eq.  (9.08-7)  one 
would  expect  a  -  2,  which  is  indeed  the  rnse  The  other  two  points, 
shown  by  triangles,  correspond  to  non-uni  form- impedance  filters,  to  be 
dealt  with  in  Sec.  9.11.  It  may  beconcluded  that  the  curve  inFig.  9.08-4 
can  generally  be  used  to  obtain  the  pass-band  distortion  factor  a  for 
filters  with  uniform  line  impedances  (all  Zi  equal  to  Z#  in  Fig.  9.03-1). 
and  having  more  than  about  n  >  3  resonators. 

,It  rtn  be  shown  from  Eqs.  (9.08-8)  and  (9.08-9)  that  the  frequency 
displacement  fm  ~  /Q  is  given  by 


6 


f.  ~  f  o  */,  ~  i 

■■  r. 

/.  2/. 


where 


log  4 


log  (A/j/A/ ,  ) 
a  log  (/,//,) 

> 


a 


\  (9.08-11) 


J 
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This  equation  is  exact  when  Eq.  (9.08-8)  is  regarded  as  a  definition  as 
it  is  here.  Equation  (9.08-11)  is  plotted  in  Fig.  9.08-5,  showing  the 
relative  mean-to-synchronous  frequency  displacement ,  (/,  -  /.)//.  **  * 
function  of  the  fractional  bandwidth,  »,  for  several  valuea  of  the 
parameter  a.  [When  a  *  0,  the  displacement  (fm  -  /0)  is  sero.l 

This  completes  the  discussion  of  the  effect  on  the  pass-band  edges 
of  changing  the  discontinuities  from  impedance  steps  to  reactive  elements. 
We  shall  now  show  how  the  stop-band  attenuation  is  affected  by  this  change. 
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FRACTIONAL  BANOWIDTM  — 


4-SMf-STS 


FIG.  9.08-5  RELATIVE  DISPLACEMENT  OF  MEAN  FREQUENCY 

FROM  SYNCHRONOUS  FREQUENCY,  \  AS  A  FUNCTION 
OF  FRACTIONAL  BANDWIDTH  FOR  SEVERAL  VALUES 
OF  a 
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Stop-Band  Attenuation  — K  simple  procedure  will  be  developed  for  pre- 
dieting  the  skirt  of  the  filter  response.  The  approximations  made  are 
such  that  this  prediction  holds  closely  over  most  of  the  rising  portion 
of  the  skirt,  but  will  be  relatively  less  accurate  very  close  to  the  band 
edge,  as  well  as  past  the  first  attenuation  maximum  above  the  pass  band; 
these  are  not  serious  limitations  in  practice.  (The  accuracy  obtainable 
will  be  illustrated  by  several  examples  in  Secs.  9 . 09  and  9.11.) 

The  excess  los^,  P,  of  a  stepped- impedance  half-wave  filter  is  (see 
Sec.  6.03) 


e 


!  *b  l « 


1  oid 


(n  -  n* 

T\( 1/M0) 


(9.08-12) 


where  B  is  the  product  of  the  discontinuity  VSWRs 


B 


V  V  V 
'rl'l 


»  ♦  1 


(9.08-13) 


Here,  T m  is  a  Tchebyscheff  polynomial  of  order  i  and  is  a  constant 
(Sec.  6.02), 


**»  " 


(9.08-14) 


The  response  of  the  reac t i ve -e lemen t  filter  is  also  given  by 
Eq.  (9.08-12)  except  that  B  is  no  longer  constant,  since  the  F.  become 
functions  of  frequency,  as  a  result  of  the  changing  susceptances  or  re¬ 
actances.'  Therefore  "at  any^  frequency  /  [and  for  the  shunt-susceptancc 
filter  of  Pig.  9.03-l(b)] 

(4  +  (B,/l'#)J(/#//)2]!*  +  ( Bt/Y0)(f0/f ) 

V  (/)  .  -  (9.08-15) 

14  +  (Bl/y0),(/,//),l'i  -  (B,/y0)(/0//) 


when  all  the  line  impedances  are  equal.  iFor  the  se r i es- reac lance  filter 
of  Fig.  9. 02-lU),  substitute  (J,/Z0)  for  (B(/V0).]  For  large  enough  and 
B(I  Eq.  (9,08-15)  reduces  approximately  to 

F,(/)  -  («,/0//)2  •  (9.08-16) 
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Thi*  equation  ia  accurate  to  within  20  percent  for  |fl|  >  3;  8  percent 
for  |fi|  >  5;  2  percent  for  |B|  >  7;  and  1  percent  for  |B|  >  8.  For 
smaller  |B|,  Eq.  (9.08-15)  ahould  be  uaed.  The  numerical  solution  of 
Eq.  (9.08-15)  for  /  *  /#  ia  the  curve  narked  h  ■  1  in  Fig.  9.03-2. 

The  attenuation  of  the  filter  on  both  akirta  of  the  tesponae  curve 
■ay  be  eati*ated  simply  and  fairly  accurately  from  the  known  attenuation 
of  the  transformer  prototype.  Using  Eq.  (9.08-16),  A  becomes  a  function 
of  frequency  such  that  approximately 

B  «  (/i//),t"  +  n  (9.08-17) 

and  by  F.q.  (9.08-12)  the  attenuation  will  be  multiplied  by  the  same  factor 
when  A  ia  large.  [More  accurately  Eq.  (9.08-15)  rather  than  Eq.  (9.08-16) 
ahould  be  uaed  when  some  of  the  Vi  are  small.]  Thus  to  estimate  the  filter 
attenuation  at  a  specified  frequency  not  too  close  to  the  band  edge,  we  may 
firat  find  the  transformer  attenuation  in  decibels  at  the  corresponding 
frequency  and  then  add  20(n  +  1)  log[#  (f0/f)  decibels,  as  already  stated 
in  Eq.  (9.04-2). 

By  the  corresponding  frequency,  we  here  mean  that  frequency  on  the 
quarter-wave  transformer  characteristic,  /' ,  (Fig.  9.08-1)  which  is  ob¬ 
tained  from  a  linear  scaling 


•77  ■  (9.08-18) 

•\  •  \ 

or 

■77  «  -j-  (9.08-19) 

>  \  .  ’  t 

depending  on  whether  the  frequency  /  is  below  the  lower  band  edge,  / j, 
or  above  the  upper  band  edge,  ft  (Fig.  9.08-1). 

The  stop-band  attenuation  of  the  filter  can  thus  be  predicted  fairly 
accurately  from  the  prototype  transformer  characteristic.  More  often  the 
reverse  problem  has  to  be  solved.  Thua  the  quantities  specified  may  in¬ 
clude  the  stop-band  attenuation  of  the  filter  at  aome  frequency,  besides 
(for  instance)  the  pass- band  ripple  and  bandwidth;  it  is  then  required 
to  find  the  minimum  number  of  resonators,  n,  to  meet  these  specifications. 
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This  problem  can  ha  solved  explicitly  only  (or  the  prototype  circuit 
(Chapter  6).  To  find  the  number  of  raaonatora,  n,  for  the  reactively 
coupled  half-wave  filter  to  aaet  a  apecified  paea-band  ripple,  band* 
width,  and  akirt  aelectivity  (atop-band  attenuation)  requirea  trial 
aolutiona  in  which  nuabera  are  aaauaed  for  n  until  the  filter  aeeta  the 
apecificationa.  Where  Eqa.  (9.08-17)  and  (9.04-2)  are  valid,  thia  can 
be  worked  out  quickly,  aa  illuatrated  in  the  exeaple  of  Sec.  9.04. 
Otherwiae  Eqa.  (9.08-13)  and  (9.08-15)  ahould  be  uaed;  the  nuaerical 
f  aolution  ia  facilitated  by  the  graph  in  Fig.  9.03-2.  Usually  it  ia  not 
neceaaary  to  aolve  for  all  the  V, ,  but  to  aolve  only  for  one  average 
diacontinuity  VS1R,  V.,.  given  by  Eq.  (9.08-10),  which  aevea  tiae  in 
aaking  the  calculationa;  this  Method  ia  uaed  in  the  laat  example  of 
Sec.  9.09. 

Thia  coapletea  the  necessary  background  Material  required  for  the 
aelection  of  transformer  prototypea  which  will  lead  to  filters  of  apeci 
fied  characteristics.  The  design  procedure  will  now  be  aummariied. 

Summary  of  Design  Procedure —The  design  procedure  to  be  followed 
then  consists  of  tiie  following  atepa: 

(1)  Fro*  the  filter  specifications  select  a  quarter-wave 
transformer  prototype  that  may  be  expected  to  yield 
a  filter  with  nearly  the  desired  performance.  (The 
selected  transformer  will  have  the  same  pass-band 
ripple  aa  apecified  for  the  filter.) 

(2)  Determine  from  Fig.  9.08-2,  and  so  estimate 

„  «  pw  .  If  w  ia  not  aa  specified,  repeat  with 
another  transformer  with  different  bandwidth  w( 
until  thia  specification  is  met. 

(3)  Determine  a  from  Fig.  9.08-4,  and  then  i>  ■  (/B  ~  /#)//. 
from  Fig.  9.08-5.  If  (/.  -  /„)  is  small  enough  to  be 
neglected  (as  will  generally  be  the  case  for  filters 
below  about  10-percent  bandwidth),  omit  Steps  4  and  5. 

(4)  If  (/.  *  /0)  «»  significant,  find  /0  from 

/,  *  (1  "  *)/.  •  (9,08-20) 

This  is  the  synchronous  frequency,  which  is  also  the 
center  frequency  of  the  transformer. 
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(S)  The  upper  end  lower  band-edgea,  / ,  end  ere  next 
found  froei 


(6)  The  veluee  of  the  reactancea  or  aueceptencee  end  their 
apacinge  ere  given  in  Eqe.  (9.03-1)  through  (9.03-9), 
and  muat  be  determined  at  the  aynchronous  frequency  f(. 


SEC.  9.09,  EXAMPLES  OF  FILTERS  HAVING  MEDIUM  AND  LARGE 
BANDWIDTHS 

In  thia  section,  two  further  exaeplea  will  be  given,  illuatrating 
the  design  of  a  uediuu-bandwidt h  (20  percent),  and  a  large-bandwidth 
(85  percent)  filter  (ell  of  the  type  shown  in  Fig.  9.03-1).  Their  pre¬ 
dicted  and  analysed  performances  will  be  coupared  to  show  how  accurate  the 
■ethod  May  be  expected  to  be. 

A  20-Percent -Bandwidth  Filter— It  is  required  to  design  a  filter  with 
four  resonators  to  have  a  pass-band  VSWR  of  better  than  1.10  over  a  20- 
percent  bandwidth. 

Thus  n  ■  4,  w  •  0.20,  Vf  •  1.10. 

Here  Vr  •  1.10  ia  leas  than  1  +  (2w)*  ■  1.16,  but  not  very  Much  leas; 
reference  to  Sec.  9.01  suggests  that  this  is  a  borderline  case,  for  which 
the  low-pass  prototype  will  not  work  too  well,  but  is  worth  trying.  Using 
Eqs.  (9.04-1)  and  (9.03-4),  one  obtains* 


*  Tksst  malts  coaid  also  ks  obtsiaad  aoisg  Kgs.  (I)  to  (S)  of  Fi(.  t.0t-l  oitk  a  ■  »  sad 

*  VVi  • 


with 


—  -  -0.842 
*  * 


-2.607 


r  -  -3-758 


>  (9.09-1) 


&t  m  127.67  degrees 
di  =  147.24  degrees 


(9.09-2) 


which  also  corresponds  to  s  quarter-wave  transformer  or  half-wave  filter 
that  would  have 


F,  ■  Vs  -  2.27 

V,  -  V4  -  8.67 

F,  „  16.07 


(9.09-3) 


The  product  A  “  F,Fj...V5  is  equal  to  6215  which  is  only  about  ten  times 
(1/w)"  ■  (1/0.2)4  ■  625,  which  confirms  that  this  is  a  borderline  case. 

[See  Eq.  (9.02-2)  and  Sec.  6.09.] 

The  analysed  performance  curves  of  the  filter  defined  by  Eqs.  (9.09-1) 
and  (9.09-2),  and  the  stepped- impedance  half-wave  filter  defined  by 
Eq.  (9.09-3),  are  plotted  in  Fig.  9.09-1.  Neither  characteristic  meets 
the  specifications  very  closely,  because  the  narrow-band  condition, 

Eq.  (9.09-2),  is  not  satisfied  well  enough. 


Let  ua  re-design  the  prototype  quarter-wave  transformer,  or  stepped- 
impedance  half-wave  filter,  and  derive  the  reactance-coupled  filter  from 
the  quarter-wave  transformer  prototype.  Selecting  n  »  4,  w^  *  0.40, 

Ff  ■  1.10,  which  by  Table  6.02-1  gives  A  ■  5625,  yields 


F,  -  Vt  -  2.398 

F,  -  Vt  -  8.45 

Fs  -  13.71 


(9.09-4) 
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FIG.  9.09-1  CHARACTERISTICS  OF  A  FOUR-RESONATOR 
FILTER  AND  ITS  STEPPED  HALF-WAVE 
FILTER  PROTOTYPE,  BOTH  BASED  ON  AN 
EQUAL-RIPPLE  LOW-PASS  LUMPED- 
CONSTANT  PROTOTYPE 


Theae  VSWRa  do  not  aeem  to  differ  greatly  from  thoae  in  Eq.  (9.09*3), 
yet  they  will  be  enough  to  turn  the  broken-line  character iatic  in 
Fig.  9.09-1  into  an  equi-ripple  prototype  reaponae  and  greatly  improved 
filter  reaponae. 

From  Fig.  9.08-2  for  n  -»  4  and  R  ■  5625,  one  obtaina  »  0.52,  ao 
that  we  would  expect  the  reactance-coupled  filter  bandwidth  to  be 
»  •  ■  0.52  *  0.40  •  0.208.  From  Fig.  9.08-4,  for 

F.,  -  .  (5625) *  '*  »  5.65  (9.09-5) 


we  read  off  a  ■  0.65.  Hence,  from  Fig.  9.08-5,  8  *  0.0064.  Then,  from 
Eq.  (9.08-21) 


/,  -  l-iio  /0 

/,  ■  0.902  /# 


(9.09-6) 


where  /#  ia  the  aynchronoua  frequency. 
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For  the  reactance-coupled  filter  derived  froe  Eqa.  (9.09*4)  using 
Eqa.  (9.03*4)  and  (9.03*9)  (which  sssume  that  ■  1) 


and  therefore 


-0.902 


-2.563 


1 

—  -  "3.436 

To 


>  (9.09-7) 


0 .  ■  128. IS  degrees 


0,  ■  145.92  degrees 


}  " 


.09-8) 


The  analysed  response  of  the  stepped*impedance  half-wave  filter  pro¬ 
totype  corresponding  to  the  exact  Tchebyscheff  transformer  design 
Eq.  (9.09-4)  ia  shown  by  the  broken  line  in  Fig.  9.09-2,  and  the 
reactance-coupled  filter  response  is  shown  by  the  solid  line  in  that 
figure.  This  is  an  appreciable  improvement  on  the  performance  of  the 
preceding  filter  and  transformer  design  based  on  the  first  procedure  using 
the  lumped-constant  low-pass  prototype.  The  alysed  performance  of  the 
filter  shows  that  fx  ■  0.909  /#  (compare  0.902  /#  predicted)  and 
/ ]  ■  1.103  / #  (compare  1.110  /#  predicted).  The  fractional  bandwidth  w 
is  0.193  (compare  0.208  predicted),  and  the  relative  «iean-to-synchronous 
frequency  displacement  8  =  (/ m  -  f 9) / f a  i s  0.006  (just  as  predicted). 

It  is  clear,  comparing  the  solid  and  broken  lines  of  Fig.  9.09-2, 
that  there  is  still  room  for  improvement.  The  main  discrepancy  between 
predicted  and  analysed  performance  is  in  the  bandwidth,  which  is  1.5  per¬ 
cent  less  than  predicted.  The  reason  for  this  is  the  difference  in  the 
frequency  sensitivities  of  the  resonator  lengths;  this  difference  is 
typical  of  filters  in  which  some  of  the  discontinuity  VSWRs  are  in  the 
neighborhood  of  2.0  and  others  differ  appreciably  from  the  value  2.0  [see 
Eq.  (9.09-4)].  The  reason  for  this  will  be  explained  in  Sec.  9.10. 
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FIG.  9.09-2  CHARACTERISTICS  OF  A  FOUR-RESONATOR 
FILTER  AND  ITS  EQUAL-RIPPLE  STEPPED 
HALF-WAVE  FILTER  PROTOTYPE 


Thia  example  will  then  be  continued  in  the  firat  example  of  Sec.  9.11, 
where  it  will  be  ahown  that  the  line-length  frequency-sensitivities  can 
be  equalised  by  optimising  the  line  impedances  (instead  of  setting  them 
all  equal  to  each  other).  Thia  generally  leads  to  a  very  nearly  equal- 
ripple  characteristic  with  slightly  more  than  the  predicted  bandwidth. 

An  85-Percent -Bandwidth  Filter — A  pseudo-high-pass  filter  of  eight 
sections  ia  to  be  designed  to  have  a  pass-band  frequency  ratio,  /]//]> 
of  approximately  2.5:1,  and  a  pass-band  attenuation  (reflection-loss)  of 
less  than  0.1  db. 

Since  /,//,  ■  2.5, 


We  design  a  quarter-wave  transformer  prototype  by  the  modified  first- 
order  theory  of  Sec.  6.07,  specifying  -  1.40,  and  a  0.2  db  pass-band 
attenuation  ripple.  (This  approximate  method  alwaya  gives  slightly  leas 
bandwidth,  and  slightly  leas  ripple,  than  specified.)  The  modified  first- 
order  theory  gives 
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V,  -  V%  -  1.348 

Kj  ■  K,  ■  1.561 

Vj  ■  F,  -  1.829  , 

y4  -  .  -  1.985 

V.  ■  2.034  • 

5 


(9.09-10) 


The  computed  response  is  shown  by  the  broken  line  in  Fig.  9.09-3, 
and  it  is  seen  that  it  has  a  pass-band  attenuation  of  less  than  0.12  db 
over  a  135-percent  bandwidth  (v^  ■  1.35).  The  quarter-wave  transformer 
output-to-input  impedance  ratio,  ft,  is 


fl  -  -  118.4  (9.09-11) 


NORMALIZED  FREQUENCY - */«0 
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FIG.  9.09-3  CHARACTERISTICS  OF  AN  EIGHT-RESONATOR  FILTER  AND  ITS 
QUARTER-WAVE  TRANSFORMER  PROTOTYPE 
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Fro*  Fig.  9.08-2,  the  bandwidth  contraction  factor  ia  =  0.63,  and  the 
expected  fractional  bandwidth  of  the  filter  ia  therefore  w  *  ■  0.85, 
which  ia  the  apecified  bandwidth. 


We  alao  find  from  Fig.  9.08-4  that  for  F€>  ■  (118.4) 1 ■  1.70, 
a  *  0.36.  Then,  fron  Fig.  9.08-5,  one  obtaina  8  *=  0.06.  Therefore,  by 
Gq.  (9.08-21),  we  shall  expect 


/,  *  1-S2  /. 

/,  "  0.61  /,  • 


(9.09-12) 


For  the  reactance-coupled  filter  derived  fron  Eq.  (9.09-10)  by  uae 
of  the  equations  in  Sec.  9,03  with  h  ■  1, 


and 


t  * 

77  "  77  '  "°-2998 

0  0 


a 

-  *  -0.4495 


-0.613 


y. 


-0.700 


5 

—  -  -0.725 

*  A 


> 


(9.09-13) 


e 


i 


■  100.60  degrees  ^ 


104.85  degrees  I 
108. 17  degrees 
109.61  degrees 


(9.09-14) 
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The  response  of  this  filter  was  analysed  and  is  shown  by  the  solid  line 
in  Fig.  9.09*3.  It  is  seen  that  the  attenuation  in  the  pass  band  ia 
everywhere  less  than  0.1  db,  the  fractional  bandwidth  w  is  0.8S,  the 
band  edges  are  ft  *  1.53  and  /,  =  0.62,  and  the  relative  mean-to- 
synchronous  frequency  displacement  is  0.075;  all  of  these  are  very  close 
to  the  predicted  values. 

The  stop-band  attenuation  was  worked  out  at  two  frequencies,  as  ex¬ 
plained  in  Sec.  9.08;  Fig.  9.03-2,  based  on  Eq.  (9.08-15),  was  utilised 
in  this  calculation.  These  two  points  are  shown  by  the  small  rings  in 
Fig.  9.09*3,  and  fall  very  close  to  the  curve  obtained  by  analysis  on  a 
digital  computer. 

This  filter  was  used  to  obtain  the  “ standardised"  paeudo-high-pass 
filters  of  Sec.  9.06.  The  three  central  elements,  which  are  nearly  equal 
(0.700,  0.725,  0.700),  were  averaged  and  each  set  equal  to  0.710.  This 
element  was  then  repeated  periodically  as  explained  in  Sec.  9.06,  with  the 
results  shown  in  Figs.  9.06-1  and  9.06-2. 

SEC.  9.10,  DERIVATION  OF  THE  DATA  FOR  BANDWIDTH  CONTRACTION 
AND  PASS -BAND  DISTORTION 

The  basic  ideas  on  the  conversion  of  the  quarter-wave  transformer 
prototype  into  a  filter  with  reactive  elements  have  already  been  ex¬ 
plained.  The  design  procedure  and  numerical  data  were  presented — mostly 
without  proof.  We  now  proceed  to  fill  in  the  details  of  the  over-all 
picture  presented  thus  far. 

Bandwidth  Contrac  t  ion— -The  frequency-sensitivity  *•*  (and  hence  band¬ 
width)  of  the  reactance-coupled  filters  of  Fig.  9.03-1  is  strongly  in¬ 
fluenced  by  the  angles  < p'  and  </>'  ,  in  Fig.  9.03-3,  whicli  correspond  to  the 
electrical  distances  between  the  coupling  reactance  and  the  two  reference 
planes  with  pure  imaginary  reflection  coefficient  on  either  side  of  it. 
Roth  reference  planes  move  closer  to  the  reactance  as  the  frequency  in¬ 
creases,  partly  (1),  because  a  given  electrical  separation  shrinks  in 
physical  length  as  the  frequency  increases;  and  partly  (2)  because  the 
electrical  lengths  </>'  and  do  not  remain  constant,  but  decrease  with 
increasing  frequency  for  shunt  inductances  (or  series  capacitances), 
since,  their  susceptance  (or  reactance)  values  decrease  with  frequency. 

The  movement  of  the  reference  planes  is  measured  quantitatively  by  two 
parameters  d'  and  d"  defined  by 


(O.io-l) 


d' 


d4>‘ 


/*/ 


o 


d 


d\p“ 


o 


(9.10-2) 


where  the  first  term  in  the  square  brackets  corresponds  to  Cause  (1), 
and  the  second  term  to  Cause  (2).  The  parameters  d'  and  d"  measure  the 
rate  of  change  with  frequency  of  the  reference  planes  in  Fig.  9.03-3  as 
coaipared  to  the  rate  of  change  of  a  45-degree  line  length.  The  apacings 
&i  (Fig.  9.03-1)  between  reactances  are  given  at  band  center  by 
Eq.  (9.03-7).  The  spacings  are  thus  always  longer  electrically  than  90- 
degrees,  and  accordingly  increase  with  frequency  faster  than  doea  a 
quarter-wave  line  length.  The  bandwidth  of  the  filter  is  therefore  always 
less  than  the  bandwidth  or'  its  quarter-wave  transformer  prototype  by  a 
factor  P.  The  bandwidth  contraction  factor  associated  with  the  ith  res¬ 
onator  or  line-section,  Pit  is  given  by 
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*  Lrfc///0>j 

/«/„ 


d"  +  d’ 


•  ♦  1 


(9.10-3) 


If  all  the  ,  defined  in  Eq.  (9.10-3)  were  the  same  for  a  particular 
filter,  then  its  bandwidth  would  be 


w  -  /3wf  ,  (9.10-4) 

where  w^  is  the  quarter-wave  transformer  bandwidth.  Usually  the  Pi  n**e 
not  all  equal;  the  smallest  of  the  should  then  be  used  for  fi  in  the 
above  equation  since  the  most  frequency-sensitive  resonator  tends  to 
determine  the  filter  bandwidth. 

To  cover  both  the  series-reactance-coupled  and  the  ahunt-susceptance- 
coupled  filter  in  Fig.  9.03-1,  we  shall  use  the  word  imnittance  when  we 
mean  impedance  for  the  former  [Fig.  9.03*l(a)]  or  admittance  for  the 
latter  [Fig.  9 . 03 - 1 ( b ) 3 .  When  the  line  immittances  are  all-m^usl,  then 
d't  -  d“,  but  when  the  line  immittances  are  not  all  equal,  the  d'  and  d* 
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■  re  not  equal:  The  larger  ia  aaaociated  with  the  </*.  in  the  line  with 
lower  immittance,  and  ia  given  by  the  aolid  linea  in  Fig.  9.10*1;  con* 
veraely,  the  smaller  d .  ia  aaaociated  with  the  in  the  line  with  higher 
immittance,  and  ia  given  by  the  broken  linea  in  Fig.  9.10*1.  The  curvea 
in  Fig.  9.10*1  were  worked  out  for  infiniteaimal  bandwidtha,  following 
Eqa.  (9.10*1)  and  (9.10*2).  The  curvea  in  Fig.  9.10*2  were  worked  out 
for  aeveral  finite  bandwidtha,  replacing  the  differential  terma  in 
Eqa.  (9.10*1)  and  (9.10*2)  by  finite  increment  ratios;  only  filtera  with 
uniform  line  immittancea  (h  •  1)  are  ahown  in  Fig.  9.10*2.  Figure  9.08*2 
waa  then  worked  out1  with  the  aid  of  the  curve  h  «  1  in  Fig.  9.10-1,  which 
ia  the  aame  aa  the  curve  w  ■  0  in  Fig.  9.10-2. 

It  haa  been  found  that  Fig.  9.08-2  haa  predicted  bandwidtha  cloaely 
for  all  the  filtera  analyted.  The  accuracy  ia  leaat  for  filtera  that 
have  a  conaiderable  apread  among  their  According  to  Eq.  (9.10-3) 

and  Fig.  9.10-1  or  9.10-2,  thia  occura  when  the  diacontinuity  VSWRa  in 
one  filter  range  into  and  out  of  the  neighborhood  of  2.0,  where  d  car. 
change  appreciably  in  either  direction  (aee  Figa.  9.10-1  or  9.10-2).  In 
that  caae  it  may  be  worthwhile  to  optimite  the  line  impedancea,  aa  in 
Sec.  9.11. 

Past-Band  Dis  tort  ion— T  he  diatinction  haa  already  been  made  between 
the  aynchronoua  frequency,  f0,  and  the  arithmetic  mean  frequency,  fm, 
which  ia  alwaya  greater  than  /(,  aince  the  portion  of  the  paaa  band  above 
the  aynchronoua  frequency  ia  greater  than  the  portion  below.  Thia 
phenomenon  ia  due  to  the  declining  diacontinuity  VSWRa  with  increaaing 
frequency  when  aeriea  capacitancea  or  ahunt  inductancea  are  used,  and 
may  be  put  on  a  quantitative  footing  aa  follows. 

The  exceaa  loaa  has  already  been  cited  in  Eq.  (9.08-12).  Consider 
now  the  case  of  large  R,  ao  that  the  approximation  Eq.  (9.09-16)  holda. 

The  largest  term  of  the  Tchebyacheff  polynomial  well  inside  the  stop-band 
ia  the  highest  power  of  (sin  0/Mq).  and  then  Eq.  (9.08-12)  reduces  to 
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FIG.  9.10-1  CHART  DETERMINING  FREQUENCY  SENSITIVITIES  OF  INDIVIDUAL 
RESONATORS  OVER  SMALL  FREQUENCY  BANDS 
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FIG.  9.10-2  CHART  DETERMINING  FREQUENCY  SENSITIVITIES  OF  INDIVIDUAL 
RESONATORS  OVER  VARIOUS  FRACTIONAL  BANDWIDTHS,  w,  WHEN 
THE  LINE  IMPEDANCES  ARE  CONSTANT 


FIG.  9.10-3  CHARACTERISTICS  OF  A  SINGLE-SECTION  FILTER  AND  ITS 
QUARTER-WAVE  TRANSFORMER  PROTOTYPE 


where  A/  ■  /  -  /# .  Thi a  proves  the  result  stated  in  Eqs.  (9.08-6)  and 
(9.08-7);  for  large  n  and  large  A,  the  exponent  of  (///,)  reduces  to 
unity,  leading  to  a  aiore  symetrical  response  on  a  wavelength  (rather 
than  frequency)  scale.  As  a  counter-example,  a  single- resonator  filter 
(n  ■  1)  was  analysed  and  Cl  calculated  from  Eq.  (9.08-8).  The  response 
of  this  filter  (n  ■  1,  A  *  1000)  is  plotted  in  Fig.  9.10-3,  and  it  was 
found  that  (using  the  14-db  bend  edges  for  convenience)  a  ■  1.97,  which 
*s  close  to  1  ^  1/n  ■  2.0  as  required  for  n  ■  1.  This  point  is  the  square 
one  in  Fig.  9.08-4. 

The  circle  points  in  Fig.  9.10-3  were  calculated  using  the  approximate 
Eq.  (9.04-2)  in  conjunction  with  the  prototype  characteristic.  This  method 
is  seen  once  again  to  give  excellent  results. 

The  choice  of  mapping  or  frequency  dietortion  by  a  function  of  the 
form  A//(///#)*,  was  based  on  the  above  considerations,  and  it  further 
developed  in  Sec.  9.08. 
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SEC.  9.11,  OPTIMIZING  THE  LINE  IMPEDANCES 


It  was  pointed  out  in  Sec.  9.10  that  different  line  aectione  of  e 
single  filter  yield  different  bandwidth  contraction  factora  /3( ,  because 
the  quantitiea  d|,  d“.  vary  from  reaonator  to  reaonator.  So  far  we  have 
only  considered  examples  of  filters  with  uniform  line  impedances,  where 
all  Zi  are  equal  to  Zg.  In  deriving  the  discontinuity  parameters,  the 
discontinuity  VSWR  is  always  set  equal  to  the  corresponding  atep-VSWR  of 
the  prototype  transformer;  this  VSWK  can  be  obtained  in  the  filter  by  an 
infinity  o.  combinations  of  reactances  with  impedance  ratios,  since  the 
two  parsmetera  h  and  u  (Fig.  9.03-3)  produce  the  desired  discontinuity 
VSWR.  Thus,  if  is  given  and  hi  is  selected,  Xi  or  fi.  is  determined 
from  Eqs.  (9.03-2)  and  (9.03-3).  The  problem  is  now  to  select  h{,  Vi 
being  given,  so  that  all  the  /i.  are  the  same.  This  can  easily  be  done 
with  the  aid  of  Fig.  9.10-1,  and  is  best  illustrated  by  an  example. 

A  20  Percent -Bandwidth  Filter  with  Optimized  Line  Impedances  —  it  is 
required  to  improve  the  performance  of  the  filter  defined  by  Eqs.  (9.09-7) 
and  (9.09-8)  and  shown  by  the  solid  line  in  Fig.  9.09-2. 

We  see  from  Eq.  (9.09-4)  that  the  F(  range  in  numerical  value  from 
about  2  to  nearly  14.  Thus  the  different  resonators  have  appreciably 
different  /3f ,  and  we  might  expect  a  noticeable  deviation  from  an  equal- 
ripple  response,  as  already  pointed  out  for  this  situation. 

Here  we  have  a  four-resonator  filter.  The  two  central  resonators, 
Nos.  2  and  3,  are  each  flanked  by  discontinuity  VSWRs  of  8.45  and  13.71, 
according  to  Eq.  (9.09-4).  Keeping  the  characteristic  admittances  of  the 
lines  forming  the  four  resonators  the  same,  we  find  from  Fig.  9.10-1 
that  dj  *  0.88  (corresponding  to  h  *  1 ,  F  *  8.45)  and  dj  ■  0.93  (corre¬ 
sponding  to  h  *  l,  V  *  13.71),  so  that  for  the  two  central  resonators, 


d;  ♦  dj 


d'i  *  d; 


0.905 


(9.11-1) 


If  we  kept  the  input  and  output  admittances  the  same  also,  so  that 
h  ■  1  at  both  the  first  and  last  discontinuities,  then  for  V  »  2.398 
[Eq.  (9.09-4)]  we  would  have  dj'  *  0.50,  which  is  considerably  different 
front  the  other  d.  Since  dj  ■  dj  ■  0.88,  this  would  yield  (dj  +  dj)/2  * 
0.59  for  the  outside  resonators,  which  differs  appreciably  from  0.905  for 
the  central  resonators.  Hence  the  relatively  poor  response  shape  in 


\ 

» 


Fig.  9.09*2.  To  obtain  a  value  of  (d J1  +  dJ)/2  equal  to  0.90S,  aa  for  the 
central  raaonatora,  requiraa  dj  ■  dj  *  0.93.  We  than  find  the  valua  of  h 
froa  Fig.  9.10*1.  Finding  the  interaaction  of  the  horitontal  line  for 
d  •  0.93  with  the  vertical  line  for  V  ■  2.398  givea  h  ■  2.38.  One  then 
obtaina  the  following  filter  paraaetera: 


0.4202 


(9.11-2) 


-3 


(9. 11-3) 


(9.11-4) 


The  predicted  bandwidth  ia 

w  -  jflw  -  0.40/1.905  »  0.210  (9.11-5) 

The  appearance  of  auch  a  filter  with  ahu’’’  -  inductive  iriaea  in  wave¬ 
guide,  or  with  aeriea-capacitive  gaps  in  atrip  line,  ia  shown  in 

Fig.  9.11-1. 

The  analysed  performance  of  thia  filter  ia  ahown  by  the  aolid  line 
(marked  C)  in  Fig.  9.11-2.  The  original  deaign  obtained  from  a  lumped- 
conatant  low-paaa  prototype  through  Kqa.  (9.04-1)  and  (9.03-4)  ia  shown 
for  comparison  (Curve  A);  the  performance  of  the  filter  based  on  the  aame 
transformer  prototype  aa  Curve  C.  but  with  uniform  line  impedancea  (all 
h.  ■  1:  see  Sec.  9.09)  is  also  shown  (Curve  B).  It  is  seen  that  the  new 
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design,  after  optimising  the  line  impedances,  givea  an  almost  equal-ripple 
reaponae.  Ita  bandwidth  ia  21.8  percent,  slightly  more  than  the  21.0  per¬ 
cent  predicted. 

The  diatortion  factor,  a,  worked  out  from  Kq.  (9.08-8)  amounts  to 
1.33,  and  ia  ahown  by  the  upper  triangle-point  in  Fig.  9.08-4.  It  does 
not  fall  in  line  with  the  points  calculated  for  the  constant- line- 
impedance  filters.  Most  of  the  improvement  in  bandwidth  ia  due  to  an 
increaae  in  the  upper  band-edge  frequency  (Fig.  9.11-2)  which  has  the 
effect  of  increasing  a.  A  possible  explanation  is  that  F,  and  F5  are 
laigely  determined  by  the  impedance  step,  which  ia  independent  of  fre¬ 
quency,  whereas  the  other  VSWHs  ( F2 ,  F  2 ,  and  F()  are  determined  by  react¬ 
ances  which  decrease  as  the  frequency  rises.  This  corresponds,  on  the 
high-frequency  aide,  to  having  the  filter  turn  into  a  wider-band  design, 
thus  pushing  the  upper  band  edge  even  further  up.  The  reverse  holds 


FIG.  9.11-1  FILTERS  IN  WHICH  THE  LINE  IMPEDANCES  CHANGE 
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FIG.  9.11-2  CHARACTERISTICS  IN  THE  PASS  BAND  OF 
THREE  FILTERS  DESIGNED  TO  THE  SAME 
SPECIFICATIONS 


(the  Vt  increase)  below  bind  center,  which  here  partly  cancel*  the  im¬ 
provement  in  bandwidth  due  to  making  all  equal  to  one  another,  and  so 
the  lower  band  edge  move*  less.  Thua  a  increase*  by  Eq.  (9.08-8). 

The  pass-  and  stop-band  reaponses  of  the  two  filters  baaed  on  the 
same  quarter-wave  transformer  prototype  are  shown  in  Fig.  9.11-3,  along 
with  the  response  of  the  transformer.  The  circle-points  were  calculated 
for  the  uni fbrrn- 1 i ne  impedance  filter  curve  (B  in  Figs.  9.11-2  and  -3) 
by  the  method  described  in  Sec.  9.08. 

4  30  Percent -Bandwidth  Filter— The  following  example  is  worked  the 
same  way  as  the  previous  one,  and  only  the  results  are  given.  It  ia 
baaed  on  the  following  prototype  Tchebyscheff  transformer: 

n  *  4 

R  •  100 

*  0.6 

Hippie  VSWR  *  1.07 

5M 


(9.11-6) 


giving 


Vt  ■  V5  ■  1.538 

V2  -  •  3.111 

F,  ■  4.368  . 


(9.11-7) 


Transformed  into  a  filter  with  uniform  line  impedances,  the  reactance- 
parameters  and  line-lengths  are 


-0.4335 


ft 

»o 


f* 

‘'o 


-1.1971 


'k 


(9.11-8) 


-1.6115 


-  111.57 

t>2  •  t'j  •  124.88 


degrees 

degrees 


(9.11-9) 


FIG.  9.11-3  CHARACTERISTICS  IN  THE  STOP  BAND  OF  THE 
THREE  FILTERS  DESCRIBED  IN  FIG.  9.11-2 
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NORMALIZED  FREQUENCY  —  1/^ 


FIG.  9.11.4  PASS-BAND  CHARACTERISTICS  OF  THREE 
FILTERS  DESIGNED  FOR  30-PERCENT 
BANDWIDTH 


Thin  example  liaa  been  selected  because  of  the  appreciable  spread  ol' 
V'|  about  the  numerical  value  2. 

With  these  values  of  V(  and  all  Zx  *  Z0,  Fig.  9.10-1  shows  a  con¬ 
siderable  variation  in  d,  from  about  0.2S  to  0.75,  and  we  would  expect 
these  different  frequency  sensitivities  to  result  in  a  poor  response 
shape.  This  is  borne  out  in  Fig.  9.11-4,  in  which  Curve  A  is  the  filter 
response  analysed  on  a  digital  computer.  It  has  a  bandwidth  of  30.7  per¬ 
cent,  compared  to  34.7  percent  predicted. 

To  optimise  the  line  impedances.  Fig.  9.10-1  determines  h  *  1.5  for 
the  end-couplings,  and  one  obtains 
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-  *  0.6667 

1.5 


(9.11-10) 
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degrees 


(9.11-12) 


»i  -  *4 


0,  *  ■  124.88  degrees 


} 


The  physicel  eppeersnce  of  this  filter  would  again  he  as  indicated 
in  Fig.  9.1  1-1.  The  response  of  the  filter  was  analysed  and  is  plotted 
as  Curve  B  in  Fig.  9.11-4.  Again  there  is  very  nearly  an  equal-ripple 
response,  end  the  bandwidth  is  36.2  percent,  which  is  slightly  more  than 
the  35.8  percent  predicted.  Moat  of  the  improvement  in  bandwidth  occurs 
above  the  band-center.  A  possible  explanation  for  this  effect  was  offered 
in  the  previous  example.  The  distortion  factor  a  here  equals  1.07  end  is 
shown  by  the  lower  triangle-point  in  Fig.  9.08-4. 

Most  of  the  end-coupling  VSWH  of  1.538  is  due  to  the  impedance  ratio 
of  1.50,  and  only  a  small  part  is  due  to  the  normalised  suaceptance  of 
0.1198.  Since  most  of  Fj  *  Fs  ■  1.538  is  due  to  the  1.5:1  impedance  step, 
it  is  of  practical  interest  to  investigate  what  happens  to  the  performance 
when  the  reactances  and  fl5  are  left  out,  and  the  impedance  ratio  is 
increased  to  1.538:1  to  achieve  the  desired  V,  and  F$.  The  result  is 


li 


>0 


1 

1.538 


0.6502 


(9.11-13) 


Hi. 

y0 


0 


-1.1971 


(9.11-14) 


—  -  -1.6115 

Y , 


fc1,  ■  64  •  150.45  degrees 
Oj  *  *  124.88  degree* 


(9.11-15) 
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FIG.  9.11-5  STOP-BAND  CHARACTERISTICS  OF  THREE  FILTERS 
OESIGNED  FOR  30-PERCENT  BANDWIDTH 

The  analyied  performance  of  this  filter  ia  ahown  in  Fig.  9.11-4  by  Curve  C. 
This  filter  haa  paaaed  beyond  the  optimum  performance;  the  peak  reflection 
haa  almoat  doubled  in  the  paaa  band,  and  the  ripplea  are  no  longer  equal. 
Even  ao,  thia  performance  ia  better  than  the  firat  deaign  with  uniform 
line  impedancea  (Curve  A). 

The  paaa-  and  atop-band  characteriatica  of  all  three  filtera  are 
ahown  in  Fig.  9.11-5,  and  are  in  the  expected  relationahipa  to  each  other, 
since  the  end  couplings  of  Deaign  A  have  the  most  cap  citance,  and  those 
of  Deaign  C  have  none. 

SEC.  9.12,  REACTANCE -COUPLED  QUARTER-WAVE  FILTERS 

The  circuit  of  a  reactance-coupled  quarter-wave  filter  is  shown  in 
Fig.  9.12-1.  Thia  circuit  was  described  in  Sec.  8.08,  where  it  was 
designed  from  a  lumped-constant  low-pass  prototype.  The  method  of 
Chapter  8  holds  up  to  about  20  percent  bandwidths  for  reactance-coupled 
half-wave  filters,  and  up  to  about  40  percent  bandwidths  for 
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react snca-couplad  quarter-wave  filter*,  which  generally  have  about  twice 
the  fractional  bandwidth  when  the  diacontinuity  VSWRa  are  the  same. 

The  spacing*  between  elements  at  the  synchronous  frequency  are 
exsctly  one-quarter  wavelength  leas  than  for  a  reactance-coupled  half¬ 
wave  filter  (Fig.  9.03-1)  having  the  same  discontinuity  VSWHs,  and  can 
thus  be  determined  with  the  aid  of  Eq.  (9.03-7)  or  Eq.  (9.03-9).  [The 
series  reactances  and  shunt  ausceptances  are  still  determined  from  the 
quarter-wave  transformer  prototype  step-VSWRa  using  Eqs.  (9.03-3)  or 
(9.03-4).]  The  quantities  d‘  and  d"  can  be  determined  from  Fig.  9.10-1, 
but  the  new  bandwidth  contraction  or  expansion  factor  ft'  is  given  by 


1 


2 


(9.12-1) 


instead  of  Eq.  (9.10-3).  The  bandwidth  contraction  factor  for  the 
quarter-wave  reactance-coupled  filter  can  also  be  determined  from 
Fig.  9.08-2  by  substituting 


1 


l  -  /< 


(9.12-2) 


and  may  thus  be  expected  to  be  greater  than  unity.  This  is  in  keeping 
with  the  fact  that  all  discontinuities  are  separated  by  distances  less 
than  one-quarter  wavelength  at  the  synchronous  frequency,  and  the  band 
width  of  the  filter  may  therefore  be  expected  to  be  greater  than  the 
bandwidth  of  its  prototype  quarter-wave  transformer. 


SHUNT  SUSCEPTANCES 
OR  SERIES  REACTANCES 


ELECTRICAL  LENGTHS. 


LAST  ELEMENT  B„,,  OR 


FIG.  9.12-1  REACTANCE-COUPLED  QUARTER-WAVE  FILTER 
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However,  tinea  a  cotton  90-degree  line-length  (at  the  synchronous 
fraquancy)  has  batn  removed  froa  aach  cavity,  tha  remaining  liaa  lengths 
differ  ralativaly  more  aaong  theaaalvaa  than  before,  ao  that  ona  ahould 
expect  laaa  than  tha  bandwidths  predicted  by  Eq.  (9.12*2)  and  Fig.  9.08*2. 
Thia  will  be  eo  eapacielly  for  strong  couplinge,  when  the  enell  teriaa 
reectancae  or  ahunt  auacaptancea  lead  to  cloae  epecinga  (auch  laaa  than 
90  electrical  degreae)  between  diacontinuitiea.  Then  a  aaall  abaolute 
difference  in  retonator  lengtha  nay  aaount  to  a  large  relative  difference. 
Prediction  by  the  previoua  aethod  then  becoaea  laaa  and  laaa  accurate  ea 
the  couplinge  becoae  atronger  (which  uaually  aeana,  aa  tha  bandwidth 
incraaaea) . 

We  ahell  now  convert  two  half-wave  reactance-coupled  filters  (one 
narrow-band  and  one  wide-band)  into  quarter-wave  reactance-coupled  filters. 
The  parameters  of  the  filters  are  obtained  on  making  the  substi tutiona 

fl,  fi| 

T.*T. 
h. 

y9  r„ 

y0  zt 

and 

.  (9.12-4) 

(that  is,  all  separationa  ate  reduced  by  90  degrees).  The  numerical 
values  will  therefore  not  be  repeated. 

A  20  Percent  Bandwidth  Filter — It  is  desired  to  design  a  quarter-wave 
reactance-coupled  filter  to  have  a  pass-band  VSWH  of  better  than  1.10  over 
a  20-percent  bandwidth,  and  to  have  at  leaat  22  db  of  attenuation  at  a  fre¬ 
quency  20  percent  above  band  center  ( i .  e.  ,  twice  as  far  out  as  the  desired  band 
edge). 
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A  quarter-wave  filter  of  sufficiently  •■•11  bandwidth  ahouid  have 
twice  the  fractional  bandwidth  of  a  half-wave  filter  with  the  same  die- 
continuity  VSWRs.  Therefore  the  reactance-coupled  quarter-wave  filter 
apecified  above  and  the  reactance-coupled  half-wave  filter  of  Sac.  9.04 
will  be  derivable  from  the  same  prototype  transformer,  provided  that  the 
skirt  selectivity  requires  the  same  number  of  resonators.  The  attenua¬ 
tion  twice  as  far  above  band  center  as  the  band  edge  was  specified  as 
25  db  in  the  example  of  Sec.  9.04,  but  ia  only  22  db  in  the  present 
example.  We  must  expect  a  lower  attenuation  in  the  present  example  since 
by  Eq.  (9.08-17)  R  is  reduced  by  a  factor  (1.2)>4  instead  of  (1.1)*4  as 
before.  Therefore  we  may  again  try  n  *  6  resonators. 

The  pass-band  response  of  this  filter  ia  shown  in  Fig.  9.12-2.  Its 
bandwidth  is  almost  twice  (19.1  percent  as  compared  with  9.7  percent)  the 
bandwidth  of  the  half-wave  reactance-coupled  resonator  filter,  which  is 
also  shown  for  comparison.  This  was  expected.  The  deterioration  in  the 
response  shape  can  be  attributed  to  the  relatively  greater  differencea  in 
the  frequency  sensitivities  of  the  spacings. 

The  attenuation  at  ///„  *  1.2  may  be  calculated  using  Eq.  (9.04-5), 

(///#)  *Utl>  m  ( 1  •  2 ) 1 4  •  12.8  ,  (9.12-5) 

which  shows  that  the  attenuation  is  11.1  db  less  than  the  attenuation  of 
the  quarter-wave  transformer  at  (///#)  ■  1.2,  or  the  attenuation  of  the 
stepped- impedance  half-wave  filter  at  ///„  ■  1.1,  which  are  both  35.5  db 
as  in  Sec.  9.04.  Therefore  the  attenuation  ia  predicted  to  be  35.5  ~ 

11.1  *  24.4  db  at  (///„)  *  1.2,  as  shown  by  the  circle  in  Fig.  9.12-3. 

It  lies  almost  right  on  the  computed  curve. 

The  stop-band  response  up  to  the  fifth  harmonic  is  also  shown  in 
Fig.  9.12-3.  Notice  that  the  first  spurious  response  occurs  at  the  third 
(rather  than  at  the  second)  harmonic;  the  next  occurs  at  the  fifth;  and 
so  on . 

A  High-Pass  Filter  —  This  filter  is  based  on  the  last  example  in 
Sec.  9.09,  which  had  an  85-percent  bandwidth.  it  is  beyond  the  point 
where  any  reliable  predictions  can  be  made.  The  response  of  this  filter 
is  shown  in  Fig.  9.12-4.  Compare  this  figure  with  Fig.  9.09-3,  for  the 
reactance-coupled  half-wave  filter.  The  element  spacings  are  now  all 
between  10  and  20  degrees,  making  this  almost  a  lumped-constant  high-pass 
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PIG.  9. 12-2  PASS- BAND  CHARACTERISTICS  OP 
REACTANCE-COUPLED  QUARTER- 
WAVE  AND  HALF-WAVE  FILTERS 


PIG.  9.12-3  STOP-BAND  CHARACTERISTICS  OP  REACTANCE-COUPLED 
QUARTER-WAVE  FILTER 


filter.  In  fact,  tha  general  behavior  of  thia  filter  at  the  low-frequency 
end  can  be  predicted  moat  aiaply  by  treating  it  aa  a  luapad-conatant  filter. 
Ita  lower  cutoff  frequency,  baaed  on  the  foraula  l/v'LC,  ia  aoae  aort  of  a 
geoaetric  aaan  of  tha  nuabara  in  Eq.  (9.09*13),  aa  a  fraction  of  the  ayn- 
chronoua  frequency.  The  actual  cutoff  frequency  froa  Fig.  9.12*4  ea  a 
fraction  of  the  aynchronoua  frequency  liea  between  0.4  end  0.S,  whereaa  the 
unweighted  geoaetric  aean  of  the  nuabera  in  Eq.  (9.09-13)  is  0.S1. 

Aa  the  frequency  increeaes,  the  firat  atop  band  ahould  occur  when  the 
eleaent  apacinga  ere  about  90  degreea.  With  spacinga  of  from  10  to  20  degreea 
at  the  aynchronoua  frequency,  this  stop  band  is  expected  to  be  centered  at 
about  6  times  the  synchronous  frequency.  The  peek  attenuation  will  then  be 
determined  by  multiplying  all  the  discontinuity  VSWRs  at  thia  frequency,  which 
yields  an  input  VSWHof2.6.  The  peak  attenuation  should  therefore  fall  just 
short  of  1  db.  All  this  appears  to  be  borne  out  by  Fig.  9.12-4,  as  far  aa 
it  is  plotted. 


FIG.  9.12-4  CHARACTERISTICS  OF  A  QUARTER-WAVE  REACTANCE-COUPLED 
PSEUDO-HIGH-PASS  FILTER 
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CHAPTER  10 


BAND -PASS  FILTERS,  CONTINUED 

(BAND-PASS  AND  PSEUDO  HIGH -PASS  FILTERS  CONSISTING  OF  LINES 
AND  STUBS,  OR  PARALLEL -COUPLED  ARRAYS  OF  LINES) 

SEC.  10.01,  CONCERNING  THE  FILTERS  AND 

DESIGN  PROCEDURES  IN  THIS  CHAPTER 

A  summary  of  the  various  filter  structures  described  in  this  chapter, 
•long  with  their  various  advantages  and  disadvantages  as  compared  with  the 
other  types  of  band-pass  filters  in  Chapters  8,  9,  and  10  will  be  found  in 
Sec.  8.01.  Wide-band  filters  of  some  of  the  forms  discussed  in  this 
chapter  are  also  useful  for  microwave  high-pass  applications. 

The  design  procedures  in  this  chapter  make  use  of  the  lumped-element 
low-psas  prototype  filters  in  Chapter  4,  as  did  the  procedures  in  Chapter  8. 
Though  the  procedures  in  Chapter  8  are  relatively  simple  and  quite  versa¬ 
tile,  they  involve  fixing  the  various  filter  parameters  at  the  midband 
frequency,  and  as  a  result  the  design  equations  obtsined  are  accurate 
only  for  filters  of  narrow  c  noderate  bandwidth.  The  design  procedures 
in  this  chapter  fix  various  filter  parameters  at  band-edge  frequencies 
as  well  as  at  midband.  For  this  reason,  good  results  are  insured  when 
these  procedures  are  used  for  either  narrow-  or  wide-bsndwidth  designs. 
Though  the  method  used  for  deriving  the  equations  in  this  chapter  is 
very  general  in  its  potential  application,  in  most  cases  of  wide-band 
filters  consisting  of  lines  with  lumped-reactance  couplings  (such  as  the 
filters  in  Chapter  9),  the  design  viewpoint  of  this  chapter  leads  to 
simultaneous  equations  that  are  a  combination  of  tranacendenta 1  and 
algebraic  functions,  which  are  very  tedious  to  solve.  In  such  cases 
design  from  step-transformer  prototypes,  as  described  in  Chapter  9,  is 
easier.  However,  in  many  cases  of  filters  consisting  of  lines  and  stubs 
or  parallel  arrays  of  lines,  the  methods  of  this  chapter  give  equations 
that  are  very  easy  to  use. 

Using  a  low-pass  prototype  filter  having  a  response  as  shown  in 
Fig-  10.01(a),  along  with  the  methods  of  this  chapter,  a  band-pass  filter 
response  approximately  like  that  in  Fig.  10.01(b)  will  be  obtained. 
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SOURCE:  Ftaal  Rcpon,  C«u»cl  DA  I6-OS9  SC-T4MS.  SRli  nptlMri 
ia  Ml  Emm.  PCMTT  Uh  R*f.  1  kr  C.  L.  Maukaai) 


FIG.  10.01-1  LOW-PASS  PROTOTYPE  RESPONSE  AND  CORRESPONDING 
BAND-PASS  FILTER  RESPONSE 

Moat  of  the  filter*  in  thia  chaptor  have  additional  paaa  banda  cantered 
nt  3w#>  So>a,  etc.,  though  cone  (which  will  be  noted)  tend  to  have  apurioua 
paaa  banda  alno  at  2o>(l  etc.  ,  if  they  are  not  perfectly  tuned.  The 

fractional  bandwidth  .  . 

(u.  -  «,) 

•  •  -  (10.01-1) 


of  the  band-paaa  filter  paaa  band  nay  be  fixed  by  the  deaigner  ea  deaired. 
Aa  waa  done  in  Chapter  8,  in  order  to  eatinate  the  rate  of  cutoff  to  be 
expected  fron  the  band-paaa  filter,  approxinate  low-peaa-to-band-paaa 
tranafornetiona  of  the  fora 


- V  ’  F(w,o/«0)  (10.01-2) 

wl 

will  be  utilised,  where  the  priaed  frequencica  refer  to  Fig.  lO.Ol-l(e) 
and  the  unpriaed  frequencica  to  Fig.  10.01- 1(b).  The  apecific  function 
F( to  be  uaed  will  vary  with  the  different  filter  atructurea  con- 
aidered.  For  two  frequenciea,  to'  and  o>,  which  aatiafy  auch  a  napping, 
the  attenuation  ia  the  aaae  for  both  the  prototype  and  the  band-paaa 
filter.  Hence,  the  low-pasa  prototype  attenuation  charecteriatica  in 
Fig.  4.03-2  end  Figa.  4.03-4  through  4.03-10  can  be  aapped  into  cor- 
reaponding  band-paaa  attenuation  character iatica  by  uae  of  auch  nappinga. 
Readera  who  are  unfamiliar  with  theae  procedures  should  find  the  exaaple 
in  Sec.  8.04  helpful. 
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SEC.  10.02,  PARALLEL-COUPLED  FILTERS  WITH 
A(/2  RESONATORS 


Figure  10 . 02 -1(a)  ehowa  ■  atrip-line  filter  having  n  parallel- 
coupled  reaonatora  which  are  ehort-circuited  et  both  enda  and  which  are 
a  hal f -wavelength  long  at  midband.  The  filter  nay  be  viewed  aa  being 
pieced  together  from  n  +  1  paral lei -coupled  aectiona  Sk  which  are  a 
quarter-wavelength  long  in  the  aediua  of  propagation  at  the  aidband 
frequency  o)g.  The  filter  in  Fig.  1 0 . 02 -1(b),  which  uaea  open-circuita  at 
the  enda  of  ita  reaonatora,  ia  the  dual  of  the  filter  in  Fig.  10. 02 -1(a). 
Both  typea  of  filter  can  have  identical  tranaaiaaion  characteristic!,  the 
aain  baaea  for  choice  between  then  being  related  to  their  method  of 
fabrication. 

Figure  10.02-2  ahowa  a  poaaible  way  of  fabricating  the  filter  in 
Fig.  10.01-l(a).  In  thia  atructure  the  reaonatora  conaiat  of  rectangular 
bara  which  are  aupported  by  the  ahort-ci rcuit  blocks  at  their  enda.  Thia 
conatruction  requires  no  dielectric  material  (hence  it  eliminates  dielectric 
loaa),  and  can  easily  achieve  the  tight  coupling  between  resonator  elements 
that  is  required  for  wide-band  filters.  The  required  bar  dimensions  can  be 
obtained  from  the  odd-  and  even-mode  admittances  calculated  in  thia  section 
with  the  aid  of  Figs.  5.05-9  through  5.05-13  and  their  accompanying  dis- 
cuaaion. 

The  filter  in  Fig.  1 0 . 02 -1(b)  ia  of  the  form  discussed  in  Sec.  8.09- 
However,  the  design  equations  presented  in  Sec.  8.09  are  not  accurate  for 
large  bandwidths,  while  the  equations  discussed  in  thia  section  give  good 
accuracy  for  either  narrow  or  wide  bandwidtha. 

If  the  printed-circuit  form  discussed  in  Sec.  8.09  ia  used  for  design 
of  «ide-band  filters,  it  will  be  found  that  unreasonably  small  gaps  will 
be  required  between  resonator  elements.  One  way  of  avoiding  this  problem 
while  still  using  printed-circuit  conatruction  is  to  use  the  interleaved 
construction  shown  in  Fig.  10.02-3.  In  this  construction  alternate  reso¬ 
nator  atrips  are  printed  on  two  parallel  strips  of  dielectric  so  that  the 
resonators  can  be  interleaved  to  achieve  tight  coupling.  Since  the 
structure  is  symmetrical  about  a  renterline  midway  between  the  ground 
planes,  no  ground-plane  modea  will  be  excited.  Interleaved  resonators  of 
this  type  can  be  designed  from  the  odd-  and  even-mode  impedances  computed 
in  this  section  with  the  aid  of  the  information  in  Figs.  5.05-4  through 
5.05-8  and  thei r 'accompany ing  discussion.  Since  the  propagation  is  in 
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FIG.  10.02-1  TWO  FORMS  OF  PARALLEL-COUPLED  FILTERS 
WITH  A0/2  RESONATORS 

Each  section  S|,  k+)  is  \g/4  long  where  Xq  is  the 
wavelength  at  frequency  <  n 
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SECTION  A- A' 


SOURCE*  Pinal  Rtport,  Contract  IM  36-039  SC-74S62,  SRI;  raprlMod 
la  /RE  Tmmt.  PCUTT  (...  Rot.  1  br  C.  L.  Matibaal) 

FIG.  10.02-2  POSSIBLE  MEANS  FOR  FABRICATING  WIDE-BAND  FILTERS  OF 
THE  TYPE  IN  FIG.  lOTO^fani^AR^HAMSMISSION-LINE 
CONSTRUCTION 

The  short-circuiting  block*  support  tho  bor  conductors  so  that  no 
dloloctric  motoriol  is  required 
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SECTION  *-A‘ 


SOURCE!  FImI  ItfM,  Cumci  DA  S*-01»  SC-T4M2.  SRI;  raptauS 
la  IRC  Tiaai.  PCHTT  U«  Ral.  1  hr  G.  I..  Manual) 

FIG.  10.02-3  POSSIBLE  MEANS  FOR  FABRICATING  WIDE -BAND  FILTERS  OF  THE 
TYPE  IN  FIG.  10.02- 1(b)  USING  PRINTED  CIRCUIT  TECHNIQUES 
In  order  to  ocbiovo  tight  coupling  with  roosonobly  largo  conductor  (pacings, 
altamata  conductor  strips  art  mo  do  to  bo  doubla  so  that  conductor  strips 
con  bo  intorioovod 


dielectric,  the  relative  dielectric  constant,  «r,  ■list  be  taken  into 
account,  of  course,  in  computing  the  lengths  and  widths  of  the  resonator 
ele«ents.  Each  section  having  admittances  (T,,)»,»ai  •»**  *• 

a  quarter  wavelength  long  in  the  medium  of  propagation  at  frequency 
and  the  n  +  1  sections  joined  together  operate  as  n  half-wavelength 
resonators  (when  designed  by  the  methods  described  in  this  section). 

A  convenient  and  moderately  accurate  low-paea-to-band-paaa  mapping 
(Sec.  iO.Ol)  which  can  be  used  to  estimate  the  attenuation  of  the  filters 
in  Fig.  10.02-1  from  their  low-pass  prototypes  is 
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where 


£*>2  +  O), 


(10.02-1) 


(10.02-2) 


(10.02-3) 


and  o>' ,  o>{ ,  oi,  Wj ,  and  o>2  are  as  indicated  in  Figs.  10. 01  - 1  (a )  (b) .  A 
more  accurate  mapping  ia 


u> 

u>! 


(10.02-4) 


where 


U) 


l 


u> 


0 


(10.02-5) 


and  n  ia  the  number  of  reactive  elementa  in  the  low-puaa  prototype. 
Examples  indicating  the  relative  accuracy  of  theee  two  mappinga  will  be 
ahown  later  in  thia  aection. 

After  the  low-paaa  to  band-paaa  tranaformation  haa  been  used  to 
eatimate  the  number  n  of  reaonatora  required  to  achieve  a  desired  rate 
of  cutoff  for  the  filter,  low-pass  prototype  element  values  g#,  g( ,  g2, 

....  gxf|  are  obtained  (aee  Chapter  4),  along  with  the  prototype  cutoff 
frequency  ,  eo{.  The  fractional  bandwidth  w  and  the  terminating  conduc¬ 
tances,  Y A  •  Yg,  having  been  specified,  the  odd-  and  even-mode  admit¬ 
tances  for  the  various  sections  of  the  filter  can  be  computed  in  a 
straightforward  fashion  by  use  of  the  equations  in  Table  10.02-1.  In  the 
table  the  parameter  h  is  a  dimensionless  admittance  scale  factor  which  can 
be  chosen  arbitrarily  to  adjust  the  admittance  level  within  the  interior 
of  the  filter  as  may  be  desired,  without  affecting  the  filter  response 
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Table  10.02-1 


DESIGN  EQUATIONS  FOR  PARALLEL - COUPLED  FILTER 
IN  FIG.  10. 02-1 (a) 


Uaa  napping  Eq.  (10.02-1)  or  (10.02-4)  to  aelect  low-paaa 
prototype  with  required  value  of  a.  There  will  be  a  ♦  1 
parallel -coupled  aaetioaa  for  aa a-raactive-elaaeat  prototype. 

(NO  SECTIONS  0.1  AND  a. a  i  1 

For  *  »  0  aad  k  *  n  eoapute: 

V1  •  — 1 i-4  .  o  * 

*  v*kik*A  *.*♦>  v  r *  ' 


O'!,)  =  »4  -  O  •  *1  5  “E1  1  f  (1  “  f ) 

••  a. tvi  4  *•  »,»♦! 


<r*  > 


k.k*i 


-(V)’]  -  r< 


O'!.)  vAF, 


o'!.)  ♦  o'!.)  -  o'!.) 


*.*♦1  *,*♦! 


k.k*\ 


The  parameter  A  ia  a  dioenaionleaa  ecale  factor  which  nay  be 
cboeea  arbitrarily  eo  ae  to  give  a  convenient  adnittance 
level  in  the  filter  (era  text). 

INTERIOR  SECTIONS  1.2  TO  a  -  1, a 

For  1  •  1  to  1  >  a  -  1  coatpute: 
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v*v,  - 1 1M* 

"lv«*«*vl  K  ' 

^('V*' i  '“St1) 

Wd(»*. Ml  -  V11) 


tan20. 
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A  value  for  h  which  ia  uaually  aatiafactory  (and  which  makes  at  leaat  the 
purullel-coupled  aection,  S#1,  of  the  filter  have  atripa  of  equal  width)  ia 


(10.02-6) 


where  and  a  re  given  in  Table  10.02-1...  When  the  symmetric  or 

antiaetric  prototypes  auch  aa  those  in  Tablea  4.0S-l(a),  (b)  and  4.05-2(e), 

(b)  are  used,  the  atrip  widths  in  both  the  end  sections,  S#1  and  S,  <+, , 
will  all  be  the  saae,  if  Eq.  (10. 02-6)  ia  used.  Other  values  of  h  aay  be 
chosen  to  obtain  other  more  convenient  admittance  levela  (and  dimensions) 
for  the  resonators  or  to  optimise  the  unloaded  Q  of  the  resonator  elements. 

(At  present  the  choice  of  resonator  dimensions  to  obtain  optimum  unloaded 
Q  for  parallel-coupled  resonators  of  this  sort  has  not  been  determined.) 

As  previously  mentioned,  after  the  odd-  and  even-mode  admittances  for  the 
n  +  1  sections  of  the  filter  are  obtained,  the  dimensions  of  the  various 
lines  are  obtained  by  use  of  the  data  in  Sec.  5.05. 

Table  10.02-2  summarises  the  odd-  and  even-mode  admittances  for 
three  designs  obtained  by  use  of  Table  10.02-1  along  with  Kq.  (10.02-6). 

All  three  were  designed  from  a  Tchebyscheff  low-pass  prototype  filter 


Table  10.02-2 

SUtNABY  OF  THE  OUD-MOUE  ANI)  EVEN-MODE  ADMITTANCE  VALUES  FOR  THE 
FILTERS  OF  FIGS.  10.02-4  It)  10.02-6 
They  were  designed  by  use  of  Table  10.02-1  and  realised  in  the  form 
in  Fig.  10. 02-  1(e).  Equation  (10.02-b)  was  applied  so  that 

-  <*..>«  *nd  •  <*..>«■ 


FIG.  10.02-4 

TIG.  10.02-3 

FIG.  10.02-6 

(St  Heedeidtk ) 

(SOX  Bendeidth) 

(2  to  1  Boodoidtk) 

<rse)01 

■ 

<r..>«7 

1.251 

1.540 

1.716 

O'..  >12 
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"a.  >86 

0.9% 

1.023 

1.142 

O',,  >2, 
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<*..>48 

0.981 

0.937 

0.954 

<  •'.-llS 

0.980 

0.927 

0.933 

O'.Jn, 
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<*..>67 

0.749 

0.284 

O',,  )|| 

• 

<*..>56 

0.881 

0.491 

0.208 

O'..),, 

* 

<*..>45 

0.895 

0.250 

<r„>,4 

0.8% 

■■ 

0.255 

All  values  aoraslisad  se  that  T,  ’  I . 

SOURCE:  Fiaal  Rupert,  Contract  DA  36-039  SC-74162,  SRI:  reprinted  ia 
mi  Trees .  PGITT  (esc  Hef.  1  by  G.  L.  Saltheei) 
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SOIIHCKi  Final  Report.  Contrai  l  DA  th-nst  S(',-7lHfc2,  Sill;  reprinted 
in  IKK  Tram.  I'V.KTT  <.er  Ref.  I  by  fl.  I..  Mallhari) 


HG.  10.02-4  COMPUTED  RESPONSE  OF  FILTERS  DESIGNED  AS 
IN  TABLE  10.02-1  TO  HAVE  5  PERCENT  BANDWIDTH 
Design  volue  for  <j/“o  w°*  0.975.  Prototype  hod 
0.10-db  Tchebyscheff  pass-bond  ripple  with  n  *  6 
reactive  elements 

having  0.1-db  ripple  and  n  ■  6  reactive  elements  [the  element  values  being 
obtained  from  Table  4.05-2(a)].  As  is  seen  from  Table  10.02-2,  the  designs 
are  for  5-percent,  30-percent,  and  an  octave  bandwidth;  and  the  admittances 
have  been  normalised  so  that  ■  1.  Figures  10.02-4,  10.02-5,  and  10.02-6 
show  the  computed  responses  of  these  designs.  Note  that  even  the  octave- 
bandwidth  design  comes  close  to  having  the  specified  0.1-db  ripple  in  the 
pass  band,  the  main  error  being  a  slight  shrinkage  in  bandwidth.  Points 
mapped  from  the  low-pass  prototype  by  use  of  the  mapping  of  Eqs. ( 10. 02- 1 ) 
and  (10.02-4)  are  also  shown.  Note  that  for  the  5-  and  30-percent- 
bandwidth  designs  the  simple  mapping  in  Eq.  (10.02-1)  gives  quite  good 
results  even  up  to  quite  high  attenuations.  However,  in  the  case  of  the 
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octave-bandwidth  daaign  (Fig.  10. 02-6) ,  tka  aora  eoaplicatad  Eq.  (10.02*4) 
given  aarkadly  kettar  accuracy  up  arouad  60  dk  or  akove. 


Daaign  equationa  I or  tka  fora  of  filter  in  Fig.  10.02*l(k)  ara  ok* 
taiaad  ky  applying  duality  to  the  aquationa  in  Takle  10.02*1.  Tkua,  tka 
adaittanca  quantitiaa  are  replaced  ky  iapedance  quantitiea  aa  indicated 
kelow. 


1  ,  »♦! 


(10.02*7) 


»♦! 


SOURCE:  Final  Repotl,  Contract  DA  36-039  SC-74862,  SRI;  reprinted 
in  IRE  Tram.  PGMTT  (nee  Ref,  1  by  G.  L.  Matthaei) 


FIG.  10.02-5  COMPUTED  RESPONSE  OF  FILTERS  DESIGNED  AS 

IN  TABLE  10.02-1  TO  HAVE  30  PERCENT  BANDWIDTH 
Design  value  of  a>./ u;»  was  0.850.  Prototype  tame  os 
for  Fig.  10.02-4 


SOURCE :  Final  Rasott,  Contract  DA  36-0S9  SC- 74862,  SRI;  rcprintad 
ia  ME  Franr.  PGUTT  (aaa  Ral.  1  kr  C.  L.  MaitkaaO 

FIG.  10.02-6  COMPUTED  RESPONSE  OF  FILTERS  DESIGNED  AS  IN  TABLE  10.02-1 
TO  HAVE  APPROXIMATELY  2  TO  1  BANDWIDTH 
Design  volua  for  cV|/cvq  mo*  0.650,  which  coll*  for  Wj/oj,  «  2.077. 
Prototypo  tamo  at  for  Fig.  10.02-4 

Note  that  the  admittance  inverter  parameters  ./ 1  are  replaced  by  im¬ 
pedance  inverter  parameters,  Kk  that  odd- mode  admittances  (T##)4 

are  replaced  by  even-mode  impedances  (Z#f)t  t+1,  and  that  even-mode 
admittances  (Ytt)k  4+1,  are  replaced  by  odd-mode  impedances  (Z##)4 
The  dimensionless  scale  factor,  h,  is  used  as  before,  except  that  in 
this  case  it  scales  the  impedance  level  instead  of  the  admittance  level. 

The  filters  in  Figs.  1 0 . 02 -1(a),  (b)  have  their  second  pass  band 
centered  at  3oj#,  and  in  theory  they  have  infinite  attenuation  at  2<w„ . 
However,  the  resonators  are  actually  resonant  at  2o>0  (since  the  resonator 
strips  are  a  wavelength  long  at  that  frequency),  and  the  theoretical  pole 
of  attenuation  arises  only  because  the  coupling  regions  between  adjacent 
resonators  are  a  half-wavelength  long.  (The  coupling-  is  maximum  when  the 
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coupling  gap*  are  X/4  long  and  taro  whan  they  are  K/2  long.)  However, 
for  this  to  work  out  in  fact,  for  the  attenuation  to  reaain  high  at  and 
near  o>8  ell  of  the  coupling  regiona  throughout  the  filter  nuat  be  exactly 
K/2  long  at  exactly  the  aaae  frequency,  which  aust  alao  be  exactly  the 
frequency  for  which  all  the  reaonatora  ere  reaonent.  Since  thia  ia 
alaost  iapoaaible  to  achieve  in  practice,  there  ere  aiaoat  alwaya  narrow 
apurioua  reaponaea  in  the  vicinity  of  2w#  for  these  typea  of  filtera. 

SEC.  10.03,  FILTERS  WITH  SHUNT  OR  SERIES  A.#/4  STUBS 

By  uae  of  equivalencea  which  were  suauaarited  in  Figa.  S . 09 -2(e),  (b), 
it  can  be  ahown  that  parallel-coupled  atrip-line  filtera  of  the  fore  in 

Fig.  10.02-l(a)  are  clnrtrirally  meetly  eywwrfeet  to  amh  filtera  of - 

the  fora  in  Fig.  10.03-1.  Likewiae,  parallel-coupled  atrip-line  filtera 
of  the  fora  in  Fig.  1 0 . 02 -1(b)  are  exactly  equivalent  to  atub  filtera  of 
the  fora  in  Fig.  10.03-2.  It  would  be  poaaible  to  work  out  a  parallel- 
coupled  filter  deaign  by  the  procedurea  in  Sec.  10.02  and  then  convert 
it  to  either  the  fora  in  Fig.  10.03-1  or  that  in  Fig.  10.03-2;  however, 
parallel-coupled  filter  deaigne  that  have  reasonable  iapedance  levels 
and  diaensiona  generally  have  quite  unreasonable  iapedance  levels  when 
converted  to  a  atub-filter  fora.  Siailerly,  practical  stub  filter  de¬ 
signs  generally  do  not  convert  to  practical  parallel-coupled  designs. 

For  this  reason  the  design  equations  in  this  section  are  based  on  a  soae- 
what  different  design  procedure  then  are  those  in  Sec.  10.02.  This  pro¬ 
cedure  gives  reasonable  iapedance  levels  in  typicsl  stub  filters,  and 
also  aakes  coaplete  use  of  ell  of  the  natural  aodes  of  vibration  of  the 


SOURCE:  FImI  Report,  Contract  DA  36*039  SC-74B62,  SRI;  rtprinltd 
in  IKS  Tmtu.  PGM TT  (att  Rtf.  i  by  G.  I..  Mali  bat  I ) 


FIG.  10.03-1  A  BAND-PASS  FILTER  USING  \/4  CONNECTING  LINES 
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SOURCE i  Fiaal  Raport,  Caauacl  DA  86-039  SC-74861,  8RI|  rammtai 
ia  IRE  Trau.  PCUTT  (aaa  Rat.  1  hr  G.  L.  Mauhaai) 

FIG.  10.03-2  A  BAND-PASS  FILTER  USING  X.,/4  SERIES  STUBS  AND  K,/ 4 
CONNECTING  LINES 

Thi*  filter  it  tha  dual  of  that  in  Fig.  10.03-1  and  can  havo 
identical  response  characteristics 

circuit  (which  the  procedure  in  Sec.  10.02  does  not,  as  e  result  of  the 
■anner  in  which  the  end  sections  arc  designed). 

Both  the  filter  in  Fig.  10.03-1  and  that  in  Fig.  10.03-2  are  com¬ 
posed  of  stubs  thst  are  X#/4  long  with  connecting  lines  that  are  also 
Ag/4  long,  where  \#  ia  the  wavel  .gth  in  the  medium  of  propagation  at 
the  midband  frequency  oj#.  These  two  types  of  filters  can  be  aiade  to 
have  identical  transmission  properties.  However,  the  fora  in  Fig.  10.03-1 
is  the  one  that  is  aoat  commonly  used  since  the  series  stubs  of  the  filter 
in  Fig.  10.03-2  are  difficult  to  realise  in  a  shielded  structure.  Since 
the  filter  in  Fig.  10.03-1  is  the  most  important  for  practical  applica¬ 
tions,  it  will  be  discussed  first. 

In  order  to  determine  how  many  reactive  elements  are  required  in  the 
low-pass  prototype  in  order  to  give  a  desired  rate  of  cutoff,  the  low-paaa 
to  band-pass  mapping  in  Eq.  (10.02-1)  or  Eq.  (10.02-4)  should  be  used. 
Having  the  low-pass  prototype  parameters  gg,  g,,  gf,  ...,  g<  +  1  and  o>( , 
and  having  specified  the  fractional  bandwidth,  w,  and  the  terminating 
conductances  Y A  ■  Yf,  the  designer  can  compute  the  characteristic  admit¬ 
tances  of  the  stubs  and  connecting  lines  in  a  straightforward  fashion 
from  the  equations  in  Table  10.03-1-  In  the  equations  there  is  a  dimen- 
sionleas  constant  d  which  may  be  chosen  for  some  adjustment  of  the 
admittance  level  in  the  interior  of  the  filter.  In  the  case  of  the 
equations  in  Table  10.02-1  the  choice  of  the  admittance  scale  factor,  h, 
should  have  no  effect  on  the  transmission  characteristics  of  the  filter; 
however,  in  the  case  of  the  equations  in  Table  10.03-1,  the  choice  of  d 
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Table  10.03-1 


a 


DESIGN  EQUATIONS  FOB  FILTERS  WITH  SHUNT  \#/4  STUBS 
AND  X.g/4  CONNECTING  LINES  AS  SHOWN  IN  FIG.  10.03-1 


Uaa  mapping  Eq.  (10.02-1)  or  (10.02-4)  to  aelact  a  low-peaa 
prototypa  with  the  required  value  of  n.  Die  filter  will 
nave  n  ahunt  atuba  for  an  n-reaetive-cleaent  prototype. 

Coapute: 


and  ^  ii  i  dimension  leys  constant  (typically  choaen  to  be 
1.0)  which  can  be  choaen  ao  aa  to  give  a  convenient 
admittance  level  in  the  interior  ot  the  filter.  (See  text) 


fc*l  to  N-l 


Die  characterialic  adaiittancea  of  the  ahunt  atuha  are: 

T,  «  «0Vl'<l  "*>«,  tan 
Y  !  -  Y  (m  *  v  Jk-l.k 

K  •  Vl<Ma*i  -  *«o«i>  ♦  ^.-i.a  - 

the  charaeteriatic  adaiittancea  of  the  connecting  linea  are: 


All  atuba  and  connecting  linea  are  \j/4  long,  where  ia 
the  wavelength  in  the  medium  of  propagation  at  the  mid-band 
frequency  cu^,. 
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Table  10. OS-2 

NORMALIZED  LINE  ADMITTANCES  FOR  THE  TRIAL  FILTER 
DESIGN  VHOSE  RESPONSE  IS  SHORN  IN  FIG.  10.03-3 
Filter  designed  wiij  Table  10.03-1  froae  0.10  db 
ripple,  a  ■  t,  Tcbebyaebeff  pretetype  using 
“  0.650  end  4  *  1.0 


I'l 

■ 

-  1.042 

m  Yt  m 

2.049 

*>* 

- 

Yn 

-  1.2M 

YU 

■  's*  - 

1.292 

r. 

e 

h 

■  2.050 

Yi 

“  *s  " 

2.007 

a  - 

'*7 

-  1.364 

Yii 

•  1.277 

All  vales*  itrHliatl  i»  ^  •  fj  ■  I 

||  Fieel  bM>(.  Ceetreet  OA  H-Ill  SC-74141, 
SHI;  nuittil  ia  IM  Tm «.  KMTT  (*»* 
Hat.  I  W  G.  L.  Uattfcaai ) . 


way  have  aon  aaall  aflact  oa 
the  approximations  upon  which 
the  equationa  are  baaed.  To 
date,  only  values  of  d  of  0.5 
and  1.0  have  been  tested  in 
thia  design  procedure,  hut  it 
is  probeble  that  considerably 
different  values  in  the  range 
0  <  d  <  1  would  give  satisfac¬ 
tory  results. 


Table  10.03-2  summarises 
the  line  admittances  for  a  de¬ 
sign  obtained  using  an  n  *  8-resctive  element  Tckebyscheff  prototype  with 
0.10-db  ripple  (Table  4.05-2(a)].  The  admittance  level  ia  normalised  so 
that  Ya  ■  Yf  ■  1,  and  oij /oj#  >  0.650  which  calla  for  slightly  over  an 
octave  bandwidth.  Figure  10.03-3  shows  the  computed  response  of  thia  de¬ 
sign.  Note  that  though  the  ripplea  at  the  edgea  of  the  pass  band  are 
underaised,  the  pass-band  performance  ia  quite  close  to  what  was  specified. 
The  s’ a  and  circles  on  the  graph  ahow  points  mapped  from  the  low-pass  pro¬ 
totype  response  by  uae  of  Eqs.  (10.02-1)  and  (10.02-4).  Note  that  in  thia 
case  the  more  complicated  Eq.  (10.02-4)  givea  much  better  accuracy  than 
does  Eq.  (10.02-1),  for  attenuation  above  30  db. 


Note  in  Table  10.03-2  that  the  admittances  of  the  end  atuba  are  about 
half  of  that  for  the  stubs  in  the  interior  of  the  filter.  For  this  reason 
it  is  sometimes  convenient  to  build  this  type  of  filter  with  double  stubs 
in  the  interior  of  the  filter  and  with  single  stubs  st  the  ends,  as  is 
illustrated  in  Fig.  10.03-4.  Table  10.03-3  summarises  the  line  impedances 
for  an  n  •  13  design  which  has  the  form  in  Fig.  10.03-4.  This  filter  was 
constructed  and  tested  in  rectangular-bar  strip-line  form  and  its  important 
dimensions  are  summarised  in  Figs.  10.03-5(a),  (b),  and  (c).  The  filter 
was  designed  for  a  band-center  frequency  of  cu#/277  ■  3.6  Gc,  and  it  was 
necessary  to  take  account  of  the  junction  effect  where  the  stubs  and  main¬ 
line  meet,  in  order  to  properly  determine  the  lengtha  of  the  stubs  and  the 
connecting  linea.  It  was  assumed  that  the  junction  effect  for  a  plus- 
junction  must  be  similar  to  that  of  the  T-junctions  in  Figs.  5.07-6  to 
5.07-9.  From  tests  on  the  filter,  the  junction  equivalent  circuit  and 
reference  planes  were  estimated  to  be  about  as  indicated  in  Fig.  10.03-6. 
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SOURCE:  Final  Report,  Contract  HA  36-039  SC-74B62,  SRI;  reprinted 
in  IRF.  Tran.\  PGMTT  (are  Ref.  I  bv  C,  |„  Matthaei) 

FIG.  10.03-3  COMPUTED  RESPONSE  OF  A  FILTER  DESIGNED  AS  IN  TABLE  10.03-1 
TO  HAVE  APPROXIMATELY  2  TO  1  BANDWIDTH 
Design  value  for  « t/  <  0  wo*  0.650.  Prototype  had  0.10-db  Tchebyscheff 
past-band  ripple  with  n  -  8  reactive  elements 


FIG.  10.03-4  OPEN-WIRE-LINE  REPRESENTATION  OF  THE  FILTER  IN  FIG.  10.03-5 
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Ttbl*  10.03-3 


LINE  IMPEDANCES  FOR  A  RAND-PASS  FILTER  OF  TOE  FORM  IN  FIG.  10.03-4 
HAVING  «  «  13.  A  BAND-EDGE  RATIO  OF  /,//,  ■  2. ITS,  AND 
APPROXIMATELY  0.1 -4b  TCHEBYSCHEFF  PASS-BAND  RIPPLE 


FOR  TERMINATING  - 
UNE 


«•  imtiio' 


FIG.  10.03- 5(a)  LAYOUT  OF  STRIP  TRANSMISSION  UNE  BAND-PASS  FILTER  WITH 
UPPER  GROUND  PLANE  REMOVED 
Saa  Fig.  1 0.03- 5<b)  for  definition*  of  t  and  w  a*  u»od  hero 
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FIG.  10.03-5(b)  SOME  CONSTRUCTION  DETAILS  OF  THE  BAND-PASS  FILTER  IN  FIG.  10.03-5(o) 


TRANSITION  BLOCK 
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FIG.  10.03  5(c)  DETAILS  OF  TRANSITION  FROM  FILTER  TO  TYPE-N  CONNECTOR 


597 


! 

! 


2qi  •  5?.0  ofciM 


(a) 


FIG.  10.03-6  ESTIMATED  EQUIVALENT  CIRCUIT  FOR  TYPICAL 
PLUS- JUNCTION  IN  THE  FILTER  OF 
FIGS.  10.03- 5(o),  (b),  (c) 
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The  X.f/4  length  for  the  etube  end  the  connecting  linen  wee  figured  from 
the  reference  plenes  Pj  and  Pt  indicated.  The  capacitive  junction  aua- 
ceptance  ia  compenaated  for  by  reducing  the  lengtha  of  each  of  the  two 
aide  stuba  by  the  amount 


M 


4t iY 


(10.03-1) 


where  If  ia  the  characteristic  admittance  of  each  of  the  two  stubs.  (Thia 
equation  effectively  removes  an  amount  of  stub  on  each  side  so  that  each 
atub  plus  half  of  the  smalt  junction  ausceptance  Bd  will  still  be  resonant 
at  &)..)  In  the  caae  of  the  T-junctions  for  the  single  stubs  at  the  ends 
of  the  filter,  the  reference  plane  for  determining  the  stub  length  was 
closer  to  the  centerline  of  the  main  line  so  that  the  single,  end  stuba 
were  made  to  be  about  0.035  inch  shorter  than  the  double  stubs  in  the 
interior  of  the  filter. 

Figure  10.03-7  shows  the  measured  performance  of  this  filter.  The 
band-edge  ratio,  Wj/uij  =  2.21,  compared  favorably  with  the  2.17  design 
value.  In  general,  the  performance  is  seen  to  be  in  excellent  agreement 
with  the  design  objective. 

Design  formulas  for  the  filter  in  Fig.  10.03-2  can  be  obtained 
directly  from  the  formulas  in  Table  10.03-1  by  application  of  duality 
Thus,  admittance  quantities  in  ’table  10.03-1  are  simply  replaced  by  cor¬ 
responding  impedance  quantities  as  listed  below: 


Z. 


Z. 


’  k  ,  *  ♦  ! 


"A  "5 

*  * .  a  ♦! 


- >  ZL 


'  k ,  i  *i 


Z 


1  .  1  ♦! 


L 


(10.03-2) 


It  would  be  possible  to  build  a  filter  oi  the  type  in  Fig.  10.03-2  shielded 
coaxial  form  by  constructing  the  series  stubs  as  stubs  within  the  center 
conductor  of  the  line,  as  shown  in  Fig.  10.03-8 
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ATTENUATION 


FIG.  10.03-8  POSSIBLE  MEANS  FOR  REALIZING  THE  FILTER  IN 
FIG.  10.03-2  IN  COAXIAL  FORM 


Just  aa  with  the  parallel-coupled  filtera  diacuaaed  in  Sec.  10.02, 
the  filtera  in  Figa.  10.03-1  and  10.03  2  have  their  second  paaa  band 
centered  by  3oig ,  but  they  are  very  prone  to  have  narrow  apurioua  reaponaea 
in  the  vicinity  of  2 «#  if  there  ia  the  alighteat  miatuning.  Filtera  of 
the  forms  in  Figa.  10.03-1  and  10.03-2  are  candidatea  for  uae  primarily 
aa  wide-band  f i ltera,  becauae  if  narrow-band  filtera  are  deaigned  in  thia 
form,  their  atuba  will  have  unreaaonably  low  iaipedance  levela  in  the  caae 
of  Fig.  10.03-1,  and  unreuaonably  high  impedance  levela  for  the  caae  of 
Fig.  10.03-2. 

SEC.  10.04,  FILTERS  WITH  #/2  STUBS  AND  K  / 4 
CONNECTING  LINES 

The  filter  in  Fig.  10.04-1.  which  uaea  open-circuited  A#/2  atuba 
apaced  A.g/4  apart,  can  be  made  to  have  paaa-band  characteriatica  aimilar 
to  thoae  of  the  filter  in  Fig.  10.03-1,  which  uses  short-circuited  A.g/4 
atuba  apaced  A.g/4  apa.  (where  A,  is  th  wavelength  at  the  paaa-band 
center  frequency  ojg).  However,  „ae  filter  in  Fig.  10.04-1  has  quite  dif¬ 
ferent  atop-band  characteristics.  If  each  Ag/2  stub  is  of  the  sane 
characteristic  admittance  throughout  its  length,  then  the  atop-band  will 
have  infinite  attenuation  at  the  frequencies  ,cg/2  and  3o>g/2.  If  the 
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SOURCE:  Pinal  Report,  Contract  DA  J 6-OS 9  SC-74862,  SRI:  ra  printed 
ia  IKE  Tmmt  PC.MTT  (ana  Ral.  I  hr  G.  I..  Malthaai) 

FIG.  10.04-1  BAND-PASS  FILTER  WITH  HALF-WAVELENGTH 
SHUNT  STUBS  AND  QUARTER-WAVELENGTH 
CONNECTING  LINES 

The  reference  wavelength  is  the  propagation 
wavelength  at  the  midband  frequency,  >.  q 


outer  htlf  of  each  atub  ia  made  to  have  an  admittance  that  in  a  constant 
times  the  admittance  of  the  inner  half  of  the  atub,  as  indicated  in 
Fig.  10.04*1,  then  the  frequencies  of  infinite  attenuation  can  be  made 
to  occur  at  frequencies  other  than  o>#/2  and  3o>(/2.  This  type  of  filter 
will  have  additional  paaa  bands  in  the  vicinity  of  «  »  0  and  o>  »  2a># , 
and  at  other  corresponding  periodic  frequencies. 

Filters  in  the  form  shown  in  Fig.  10.04-1  can  be  readily  designed 
by  a  modified  use  of  Table  10.03-1.  The  design  is  carried  out  first  to 
give  a  filter  in  the  form  in  Fig.  10.03-1  with  the  deaired  paaa-band 
characteriatic  and  bandwidth.  Then  each  shunt,  quarter-wavelength,  ahort- 
circuitcd  atub  of  characteristic  admittance  Y  k  ia  replaced  as  ahown  in 
Fig.  10.04-1  by  a  ahunt,  half-wavelength,  open-circuited  atub  having  an 
inner  quarter- wavelength  portion  with  a  characteristic  admittance 

Yk  (a  tan1  -  l) 

.  00.04-1) 

(a  +  1)  tan2 

and  an  outer  quarter-wavelength  portion  with  a  characteriatic  admittance 

Y J  -  aY'k  (10.04-2) 

The  parameter  a  is  fixed  by 

a  -  cot2  (7—)  (10.04-3) 

0  I  (UJU9)<(U\/U0) 

where  «  w,il/2<r)#,  and  u>m  is  a  frequency  at  which  the  shunt  lines  present 
short  circuits  to  the  main  line  and  cause  infinite  attenuation.*  The 
principle  upon  which  the  above  substitution  is  made  is  that  Eqs.  (10.04*1) 
through  (10.04-3)  are  constrained  to  yield  half-wavelength  open-circuited 
stubs  which  have  exactly  the  same  susceptsnces  at  the  band-edge  frequency 
a*!  as  did  the  quarter-wavelength  short-circuited  stubs  that  they  replace, 
while  both  kinds  of  stubs  have  sero  admittance  at  oi#. 

To  test  out  this  procedure,  a  filter  was  designed  as  in  Table  10.03-1 
to  give  30-percent  bandwidth  (w, / o>#  ■  0.850)  using  a  0.10-db  Tchebyscheff 

01  iniii,  is  aa_s*tial  filtsr  Iks  ittuuiin  will  ks  fiaitt  iu  H  Ik#  !•■•••  is  tks  *«sfcs 
prstsstisg  tks  stsk  iapsStssts  tin  (tisf  ts  sssstiy  tsrs. 


402 


prototype  with  n  ■  8-  Then,  choosing  cd,/a>#  •  0.500,  which  gives  a  ■  1, 
the  quarter-wavelength  stubs  were  replaced  by  half-wavelength  stubs  ss 
described  ebove,  end  the  resulting  cosiputed  response  is  shown  in 
Fig.  10.04-2.  Note  thst  the  psss  bend  is  slsost  exactly  ss  prescribed, 
end  thst  there  ere  low-attenuation  regions  in  the  vicinity  of  «  *  0  end 
u  ■  2o>#1  which  sre  to  be  expected.  The  element  vslues  for  this  filter 
sre  shown  in  Tsble  10.04-1- 

The  2- to- 1 -bandwidth  filter  design  (Fig.  10.03-1  and  Table  10.03-2) 
wss  also  converted  to  this  forai  using  o>a/o>t  •  0.500,  and  its  response  was 
cosiputed.  The  features  of  the  pass  band  looked  much  the  same  as  those 
in  the  expended  plot  in  Fig.  10.03-3,  while  the  stop  bands  consisted  of 


SOURCE:  Flaal  Report,  Contract  DA  36-039  SC-74S62.  SRI;  reprinted 
la  IKE  Trane.  PGHTT  (ate  Ref.  1  hr  G.  L.  Matthaei) 

FIG.  10.04-2  COMPUTED  RESPONSE  OF  A  30-PERCENT-BANDWIDTH  BAND-PASS  FILTER 
DESIGNED  IN  THE  FORM  IN  FIG.  10.04-1 

Design  value  for  a)j  4>g  •  0.850.  Prototype  had  0.10-db  Tehebyscheff  ripple 
with  n  ■  8  reactive  elements 
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very  aharp  attenuation  apikaa 
surrounding  o>/o>e  ■  0.500,  in 
a  Manner  aimilar  to  that  in 
Fig.  10.04-2  except  that  the 
attenuation  banda  were  Much 
narrower. 

Filters  of  the  form  in 
Fig.  10.04-1  ahould  be  par¬ 
ticularly  uaeful  where  the 
peas  banda  around  ui  •  0  and 
oj  »  2o>0  are  not  objectionable, 
and  where  there  is  a  rela¬ 
tively  narrow  bund  of  signals 
to  be  rejected.  By  the  proper 
choice  of  u>u,  the  infinite  attenuation  point  can  be  so  placed  aa  to  give 
■axiMUM  effectiveness  againat  the  unwanted  signals.  Although  using  the 
lane  o>m  for  all  of  the  atuba  should  give  the  best  pasa-band  response,  it 
nay  be  perniaaible  to  stagger  the  r<>n  points  of  the  atuba  slightly  to  achieve 
broader  regions  of  high  attenuation.  Filters  of  the  form  in  Fig.  10.04-1 
are  practical  for  bandwidths  narrower  than  those  of  filters  of  the  forM  in 
Fig.  10.03-1  because  of  the  larger  susceptance  slope  of  hal f -wave length 
stubs  for  a  given  characteristic  admittance.  For  example,  in  the  case  of 
Fig.  10.04-1,  the  shunt  atuba  for  this  filter  as  shown  in  Fig.  10.04-1 
have  characteristic  admittances  V '  »  Fjj  which  are  0.471  times  the  character¬ 
istic  adnittancea  of  the  shunt  stubs  of  the  analogous  filter  in  the  form 
in  Fig.  10.03-1  from  which  it  was  designed,  ’thus  narrower  bandwidths  can  be  achieved 
without  having  the  characteristic  adniliunces  of  the  shunt  stubs  become  excessive. 

No  accurate  low-pass-to-band-paas  transformation,  has  been  .leveloped 
for  filters  of  the  form  in  Fig.  10.04-1. 

Since  filters  of  the  form  in  Fig.  10.04-1  do  not  involve  any  short- 
circuit  connections,  they  are  very  easy  to  fabricate  in  printed-circuit 
strip-line  form  as  suggested  in  Fig.  10.04-3- 

SKC  10.05,  FILTERS  USING  BOTH  SERIES  AND  SHUNT  STUBS 

The  filter  in  Fig.  10.05-1  makes  use  of  short-circuited  \#/4  stubs 
spaced  A^/4  apart,  which  makes  it  similar  to  the  filter  in  Fig.  10.03-1. 
However,  the  filter  in  Fig.  10.05-1  has,  in  addition,  a  A#/2  series 


Ail  film  eoraelita*  ao  that  r,  »  I. 

SOUKS:  Fiat  I  Rapart,  Coatraat  DA  16-OJS  SC-74161, 
SRI:  rapriataA  it  I  Hi  fraaa.  fCMTT  (aaa 
Hal.  1  kr  G.  L.  Ratthaai) 
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I 

j  Tab la  10.04-1 

I  ELEMENT  VALUES  FOR  THE  FILTER  OF  FIG.  10.04-2 

1  REALIZED  AS  SHOW  IN  FIG.  10.04-1 

Filter  designed  from  a  0.10  ab  ripple,  a  »  8, 
Tohabyscbaff  prototype  using  a^/o>#  ■  0.850 
sad  ■  0.500.  Ibis,  than,  calls  for 

i  •  1  to  that  Fj  *  Tj  throughout. 
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m  ttnir  >•■• 


SOURCE:  Final  R*aor«,  C.omract  DA  36-039  SC-74862,  SHI;  rapriniad 
la  IKS  Tm»t  PCHTT  (■••  Rat.  1  kr  C.  L.  Maukaai) 

FIG.  10.05-1  BAND-PASS  FILTER  WITH  QUARTER-WA*  ELENGTH  SHUNT  STUBS. 
QUARTER-WAVELENGTH  CONNECTING  LiNES,  AND  HALF¬ 
WAVELENGTH  SERIES  STUBS  AT  THE  END* 

Tha  raftranca  wovalangth  it  that  at  tha  midbar, d  fraquancy,  u>g 
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a 


short-circuited  stub  at  each  end.  THeee  \#/2  etuba  yield  frequencies  u 
■here  “infinite”  attenuation*  occurs  cloae  to  the  peas  band,  sinilar  to 
those  of  the  filter  in  Fig.  10.04*2,  but  in  this  case  the  attenuation  re¬ 
mains  high  at  to  «  0  and  w  ■  2u>%  (except  for  possible  narrow  spurioua 
responses  at  2o>(  which  can  result  from  any  nistuning). 

In  this  case  s  reasonably  accurate  low-pass-to-band-paas  transforma¬ 
tion  (Sec.  10.01)  is 


(10. 0S-2) 


£*»,/o>#  ■  1  “  w/2,  and  um  is  a  stop-band  frequency  where  infinite  attenua¬ 
tion  is  desired. 

After' selection  of  a  low-pass  prototype  with  element  values  g#,  g( , 
g|>  •••.  gaf|  end  cutoff  frequency  a>| ,  and  after  specification  ot  YA,  w 
(or  cuj/ojg),  and  the  deaign  can  be  carried  out  by  making  the  calcu¬ 

lations  indicated  in  Table  10.05-1.  As  in  Table  10.03-1,  the  dimensionleaa 
parameter  d  can  be  uaed  to  give  some  degree' of  freedom  in  establishing  the 
impedance  level  in  the  interior  of  the  filter.  The  choice  of  d  will  have 
some  minor  influence  on  the  approximations  involved  in  the  deaign  process, 
but  values  of  d  in  the  range  0  <  d  <  1  should  be  usable  (to  date  only  the 
value  d  •  0.5  has  been  uaed  in  trial  designs). 

Table  10.05-2  shows  the  results  of  a  trial  deaign  computed  uaing  an 
n  ■  8  reactive  element  and  a  0.10-db  ripple  Tchebyscheff  prototype,  and 
uaing  «  0.650,  U)m/ct>9  «  0.500,  T4  *  1,  and  d  ■  0.50-  Figure  10.05*2 


01  (tsM,  ••  a  tfiaaipeUoa  ia  ilia  circait  ilia  attaaaatioa  aill  alaaya  fca  fiaita  far 

fra*j>.aaaiaa  a,  bat  L  aill  typiaally  (a  vary  bifla  at  frajaaaaiaa  vbara  U«  Am/S  alaba  ara  tali* 
rticiitt, 
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Table  10. OS-1 

DESIGN  EQUATIONS  FOH  FILTEHS  OF  THE  FOHtt  IN  FIG.  10. OS- 1 


Uu  upping  Eqa.  (10. OS-1)  and  (10. OS-2)  to  (elect  low-peaa 
prototype  with  the  required  value  of  n. 

Compute: 

•i  -  f  sj  *  to  -t )  •  c.  -  *«» 


where  d  »  1  ie  a  diuanaionleaa  conatant  (typically  one-half 
or  aoaewhat  larger)  which  uy  be  choaea  to  give  a  deaired 
iapedence  level  in  the  interior  of  the  filter. 


•m  *  f  •  •  “  colJ  *m 


where  <u  ia  e  frequency  of  infinite  attenuation  ea  indicated 
in  the  eaaaqile  in  Fig.  10. OS-2. 

Inferring  to  tig.  10. 0S-1,  for  the  atuba: 

*.  *  •  *,*  ■ 

Yi  '  —  ♦  **{"71  -  ty) 

t*|  =-  k  *  *  -  J±rA  - 

*U»J  to  a-2  4\  *  '•*  *  •  '/*  ' 4  ' 

„  .  '  ,<«2«a*l>t*n  °\  4  „  J n-1 . --1 

v. - 


2  ■ 


[.(tan  !»,)»  -  ijejMga 


y^(a  r~n  tin  pJ 

For  the  connecting  lines: 

■  (W- 


7.'  --  eZ 
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•hows  the  computed  reeponae  of 
this  filter  (indicated  by  the 
aolid  linea),  while  the  cirelea 
indicate  pointa  napped  froa 
the  low-paaa  prototype  reaponae 
using  the  napping  in 
Eqa.  (10. OS-1)  and  (10.05-21. 
Note  that  the  0.1-db  point  on 
the  left  aide  of  the  paaa  band 


Table  10. OS-2 

ELEMENT  VALUES  FOR  IRE  FILTER  OF  FIG.  10. OS-2 
REALIZED  AS  SHOWN  IN  FIG.  10. 0S-1 
Filter  designed  eaieg  Table  10.0S-1  Iron  a  0.10-db 
ripple,  »  ■  |,  Tckebyachaff  prototype  uainguj  /«„  • 
0.650,  afeAxg  *  0.S00,  end  d  *  0.5. 


5 

‘i 

-  *f 
■  z\ 

as 

0.606 

•'j 

■  yt  “ 

1.235 

* 

0.606 

*34 

‘  ^36  * 

0.779 

I'* 

"  rr 

a 

1.779 

r4 

’  Yi  * 

1.258 

r*» 

-  'at 

■ 

0.823 

■  0.770 

ia  very  nearly  at  ■  0.650 
an  specified,  and  that  the  re¬ 
sponse  in  general  ia,  for  noat 


Vilm  ■•ratline  ao  that  F.  »  1. 

SOURCE:  ri.il  Harare,  Ctatr.ct  DA  36-039  SC- 741*2 . 
SHI i  rapriatad  ia  /M  fraat.  PGMTT  (aaa 
Rat.  I  by  G.  I.  Uattkaai). 


SOURCE:  Final  Raport.  Contract  DA  36-039  SC-74R63,  SRI:  tapriol.d 
in  IRE  Tram.  PGUTT  (ana  R'f.  I  by  O.  L.  Mattha.i) 


FIG.  10.05-2  COMPUTED  RESPONSE  OF  A  FILTER  AS  IN  FIG.  10.05-1  WITH 
APPROXIMATELY  2  TO  1  BANDWIDTH 

Design  value  for  u>^/oj q  wot  0.650.  Prototype  had  0.10-db  Tchebyteheff 
ripple  with  n  ■  8  reactive  elements.  Parameters  d  and  were 

bath  chosen  as  0.500 
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engineering  purposes,  a  satisfactory  realization  of  the  specified 
performance. 

Figure  10.05-3  shows  a  possible  way  for  constructing  filters  of 
the  form  in  Fig.  10.05-1.  The  filter  shown  is  in  so-called  split-block 
coaxial  construction.  The  round  center  conductors  are  within  cylindrical 
cavities  machined  from  a  solid  split  block.  Note  that  the  A.#/2  series 


SECTION  A  -  A' 


NIINIMN 


FIG.  10.05-3  POSSIBLE  WAY  FOR  FABRICATING  W'OE-BAND  FILTERS 
OF  THE  TYPE  IN  FIG  10.05-1  IN  SPLIT-BLOCK 
CONSTRUCTION 

The  shunt,  quarter-wavelength,  short-circuited  stubs  ore  realised 
in  parallel  poirs  so  that  the  characteristic  admittance  of  each  stub 
will  be  cut  in  half,  and  so  that  the  structure  will  be  self-supporting. 
The  series,  half-wavelength,  short-circuited  stubs  are  inside  the 
center  conductor 
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•tub  at  the  input  of  the  filter  ie  realised  ea  a  coaxial  atub  within  the 
■ain  line  of  the  filter. 


» 


SEC.  10.06,  INTERDIGITAL* LINE  FILTERS  OF  NARROW 
OR  MODERATE  BANDWIDTH 

Figure  10.06-1  ahowa  one  type  of  interdigital  filter  to  be  diacuaaed. 
The  structure,  as  shown,  conaiata  of  TEM-mode  atrip-line  resonators  be¬ 
tween  parallel  ground  planes.  Each  resonator  eleaient  it  a  quarter- 
wavelength  long  at  the  aidband  frequency  and  ia  ahort-circuited  at  one 
end  and  open-circuited  at  the  other  end.  Coupling  is  achieved  by  way 
of  the  fields  fringing  between  adjacent  resonator  elenenta.  Uaing  the 
design  procedure  described  in  this  aection,  Lines  1  to  n  in  Fig.  10.06-1 
serve  as  resonators.  Lines  0  and  n  +  1,  however,  operate  as  impedance- 
transforming^  sections  and  not  as  resonators.  Thus,  uaing  the  procedures 
of  this  section,  an  n-reacti ve-eleaent  low-paaa  prototype  will  lead  to 
an  interdigital  filter  with  n  +  2  line  elements. 

If  all  of  the  coupling  effects  are  accounted  for,  the  aatheaatics 
that  describe  the  performance  of  such  interdigital  filters  as  those  dis¬ 
cussed  in  this  and  the  next  section  become  quite  unwieldy.2  Since  ay'nthe- 
aiting  a  structure  to  have  a  prescribed  response  is  a  nuch  more  difficult 
problem  than  analysing  a  given  structure,  and  since  an  exact  analysis  of 
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SOURCE:  Quarterly  Pro graaa  Report  4,  Contract  DA  36-039  SC-87998,  SRI; 

reprinted  in  /RE  Trane.  PCN7T  (nee  Ref.  3  by  G.  L.  MalthaeO 

FIG.  10.06-1  INTERDIGITAL  FILTER  WITH  SHORT-CIRCUITED  LINES  AT  THE  ENDS 
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FIG.  10.06-2  CROSS  SECTION  OF  AN  ARRAY  OF  PARALLEL-COUPLED  LINES 
BETWEEN  GROUND  PLANES 


such  a  structure  is  itself  very  tedious,  the  prospects  of  obtaining  a 
usable  exact  synthesis  procedure  appear  to  be  dim.  Thus,  the  synthesis 
procedure  given  here  involves  several  additional  simplifying  approxima¬ 
tions  (beyond  those  used  fer  the  procedures  in  Secs.  10.02  through  10.05) 
that  permit  straightforward,  easy-to-use  design  calculations.  Although 
the  design  formulas  are  approximate,  the  results  of  trial  designs  indi¬ 
cate  that  they  are  sufficiently  accurate  for  most  practical  applications. 

Figure  10.06-2  shows  an  array  of  parallel-coupled  lines  such  as  is 
used  in  an  interdigital  filter.  The  electrical  properties  of  the  structure 
are  characterized  in  terms  of  the  se 1 f-capaci tances ,  Ct ,  per  unit  length 
of  each  bar  with  respect  to  ground,  and  the  mutual  capacitances,  C4 
per  unit  length  between  adjacent  bars  k  and  k  +  1 .  This  representation 
is  not  always  highly  accurate;  it  is  conceivable  that  a  significant  amount 
of  fringing  capacitance  could  exist  between  a  given  line  element  and,  say, 
the  line  element  beyond  the  nearest  neighbor.  However,  at  least  for 
geometries  such  as  that  shown,  experience  has  shown  this  representation  to 
have  satisfactory  accuracy. 

For  designs  of  the  interdigi ta 1  - f i 1  ter  structures  discussed  herein, 
equations  will  be  given  for  the  normalized  self  and  mutual  capacitances, 
Ct/e  and  Ct  ,/e,  for  all  the  lines  in  the  structure;  where  e  is  the 
dielectric  constant  of  the  medium  of  propagation.  Having  these  normalized 
capacitances  the  designer  can  obtain  the  dimensions  of  the  bars,  using  the 
data  in  Sec.  5.05. 
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A  convenient  and  reaaonably  accurate  low-pass-to-band-psas  transfor- 
■ation  (Sec.  10.01)  to  uae  for  estimating  the  attenuation  characteristics 
of  interdigita)  filters  is 


where 


(10.06-1) 


Olj  +  COj 


(10.06-2) 


(10.06-3) 


and  a)',  ojJ  ,  u'i ,  (i),  Uj ,  and  are  as  indicated  in  Figs.  10.01-l(a),  (b). 

Table  10.06-1  shows  approximate  design  equations  for  interdigital 
filters  of  the  form  shown  in  Fig.  10.06-1.  This  type  of  design  is  most 
practical  for  filters  having  narrow  or  moderate  bandwidth.  Although  no 
special  investigation  of  this  point  has  keen  made,  it  appears  probable 
that  one  should  consider  the  possibility  of  using  the  design  equations 
in  Sec.  10.07  when  the  bandwidth  is  of  the  order  of  30  percent  or  more, 
instead  of  those  in  Table  10.06-1.  Both  sets  of  design  equations  are 
valid,  however,  for  either  narrow  or  wide  bandwidths.  The  main  drawback 
in  applying  the  design  procedure  in  this  section  to  filters  of  wide  bend- 
width  is  that  the  gaps  between  Lines  0  and  1  and  between  Lines  n  and  n+  1 
(see  Fig.  10.06-1)  tend  to  become  inconveniently  sqiall  when  the  bandwidth 
is  large,  and  the  widths  of  Bars  1  and  n  tend  to  become  very  small. 

To  use  Table  10.06-1  for  the  design  of  an  interdigital  filter,  first 
use  Eqs.  (10.06-1)  through  (10.06-3)  and  the  charts  in  Sec.  4.03  to  esti¬ 
mate  the  number,  n,  of  reactive  elements  required  in  the  low-pass  prototype 
in  order  to  give  the  desired  rate  of  cutoff  with  the  desired  pass-band 
characteristics.  When  the  prototype  cutoff  frequency  a>J  and  element  values 
g#,  gj ,  ...,  gBtl  have  been  obtained  from  the  tables  in  Chapter  4,  the  de¬ 
sign  computations  can  begin.  It  is  suggested  that  the  filter  fractionsl 
bandwidth,  w,  be  specified  to  be  6  or  7  percent  larger  than  is  actually 
desired,  since  from  the  trial  design  described  later  it  appears  that  there 
will  be  some  shrinkage  in  bandwidth  due  to  the  approximate  nature  of  the 
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Table  10.06-1 


DESIGN  EQUATIONS  FOR  INTERDIGITAL  FILTERS  OF  THE  FORM 
IN  FIG.  10.06-1 


Uae  mapping  ir.  Eqa.  (10.06-1)  to  (10.06-3)  to  select  a  low-pass 
prototype  with  the  required  value  of  a.  Hie  input  and  output  lines 
in  this  filter  do  not  count  is  resonators,  so  that  there  are  n  ♦  2 
lines  for  an  n-reactive-elenent  prototype. 

Compute: 


•.  -  fsj  ■ 


.  _  J.  _ 


T  ■  “» 


X 


k*l 

r- 

A 


k »1  to  n-1 


ii.n  +  l 
*4 


X 


'V«*n 


■here  h  is  a  dineneionleaa  admittance  scale  factor  to  be  specified 
arbitrarily  ao  as  to  give  a  convenient  adaitlence  level  in  the 
filter,  (see  text.  ) 

Hie  normalised  self  capacitances  C./t  per  unit  length  for  the  line 
elements  are: 


3-- 


*,  ♦  hY. 
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Table  10.06-1  concluded 


ta  n-l 


c. 


( 


lILif* 

yr  l  * 

i* 


•  ^ -V-V) 

- «.  •  [— r1  •  (Sf1)  *  ".-i..  -  ^]} 


•bare  t  ia  tba  dialaetric  constant  and  t  ia  tka  relative  dielectric 
coaatant  in  the  medium  of  propagation.  ' 

Tba  nonaaliaed  mutual  capacitancaa  C.  .+./«  par  unit  length  beteaan 
adjacent  line  elements  are:  ' 


fl L  .  mj.  -  r)  , 

*  /r  1  4 

i.tei  [  .  3767  *y4  pt,kal\ 

*  l*»l  ta  a-1  St~  V  *4  / 


s,n+l  .  376,7  tg  _  Y  1 

«  yr  *  4 


SOURCK :  Quarterly  Prepress  gapart  4,  Caatract  DA  J6-QJ4  SC-17141, 
SRI;  reprinted  ia  IU  Tr»*i.  fCKTT  (sea  Ref.  S  hr 
0.  L.  Mettkaei ). 
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design  equations.  However,  the  desired  value  of  w  should  be  used  in  the 
■spping  Eqs.  (10.06-1)  through  (10.06-3)  for  determining  n.  Note  that 
■  1,  is  the  characteristic  admittance  of  the  terminating  lines. 

Afte"  all  of  the  J /Y  A  end  N  parameters  in  Table  10.06-1  have  been 
computed,  the  admittance  scale  factor,  h,  must  be  fixed.  One  of  the  prime 
considerations  in  the  choice  of  h  is  that  the  line  dimensions  must  be  such 
that  the  resonators  will  have  s  high  unloaded  Q.  The  dimensions  that  give 
optimum  resonator  Q'a  in  such  structures  as  interdigital  filters  are  not 
known.  However,  it  is  known  that  for  air-filled,  coaxial-line  resonatora 
the  optimum  Q  will  result  when  the  line  impedance  is  about  76  ohms,  and 
various  approximate  atudiea  suggest  that  the  optimum  impedance  for  thick, 
rectangular-bar,  atrip-line  resonators  such  as  those  in  Pig.  10.06-2  is 
not  greatly  different.  Thus,  it  is  suggested  that  in  this  case  h  be 
chosen  to  make  the  quanti  ty 


Ct 

-  +  —  + 

e  a 


2  C 


k .  »♦> 


*-•/:  lorMIM 
■(•*1  )/2  for  n  0<U 


(around  5.4) 

(10.06-4) 


if  air  dielectric  is  used.  If  the  quantity  in  Eq.  (10.06-4)  is  a.t  equal 
to  5.4  for  the  case  of  er  ■  1,  this  corresponds  to  making  the  line  imped¬ 
ance  70  ohms  for  the  resonator  lines  in  the  center  of  the  filter,  under 
the  conditions  that  the  adjacent  lines  are  being  excited  with  the  same 
amplitude  of  voltage  but  with  opposite  phase  (this  is  a  generalised  odd¬ 
mode  admittance  condition).  A  value  for  h,  having  been  established,  the 
remainder  of  the  calculations  follow  in  a  straightforward  manner.  After 
the  normalised  capacitances,  Ct/c  and  Ct  t+1/€,  have  been  computed,  the 
line  dimensions  are  determined  as  discussed  in  Sec.  5.05  [by  use  of 
Eqs.  (5.05-33)  through  (5.05-35)  and  the  accompanying  charts]. 

A  trial  design  was  worked  out  using  an  n  •  6  reactive-element 
Tchebyacheff  prototype  with  LAr  ■  0.10  db.  The  prototype  parameters  were 
g#  ■  1,  g,  ■  1. 1681,  g2  ■  1.4039,  g3  -  2.0562,  g4  -  1.5170,  gs  •  1.9029, 
g(  ■  0.8618,  g,  •  1.3554,  and  w|  ■  1.  The  design  was  worked  out  for  a 
fractional  bandwidth  of  *  *  0.10  centered  at  /0  «  1.5  Gc.  Table  10.06-2 
summarises  the  various  parameters  used  or  computed  in  the  calculations. 
The  parameter  h  was  chosen  so  that  Eq.  (10.06-4)  would  yield  5.4.  The 
resulting  circuit  has  symmetry  in  its  dimensions  because  the  Tchebyscheff 
prototype  is  antimetric  (i.e.,  one  half  of  the  network  is  reciprocal  to 
the  other  half  as  discussed  in  Sec.  4.05). 
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Table  10  06-2 


TABULATION  OF  QUANTITIES  IN  TABLE  10.06-1  AND  IN  FIG.  10.06-2  FOR  A 
10 -PERCENT  BANDWIDTH  TRIAL  DESIGN  WITH  n  -  6 


k 

Jk,kH  /ya 

Nk.k*l 

Ck.k*l/t 

S.k+l 

(iaakaa ) 

k 

v* 

*k 

(iaakaa) 

0  and  6 

0.92S3 

1.582 

0.159* 

0  and  7 

5.950 

0.405* 

1  and  S 

0.7409 

6.401 

0.301 

0.419 

1  and  6 

3.390 

0.152 

2  and  4 

0.5866 

6.381 

0.226 

0.512 

2  and  5 

4.420 

0.183 

3 

0.5662 

6.379 

0.218 

0.520 

3  and  4 

4.496 

0.183 

•  «  0 

10 

r.  ■  0.020  mho 

9.  »  1 

492 

H.  ■  *.  ■  0.02420 

h  •  0.0S143 

6  •  0.625  inch 

(  ■  0.187  inch 

Cb«i|«4  to  0.127  i»eb  ifur  laboratory  tooto. 

*  Cku|W  U  0.417  iack  attar  laksratsry  taata. 

SOURCE:  Qaartariy  Profraaa  Rayort  4,  Caatraat  DA  16-010  SC-17101,  SRI; 

rayriataO  ia  IM  fra  a. .  PCMTT  (aaa  Rat.  1  ky  G.  L.  Hattkaai). 


Figure  10.06-3  ahowa  a  photograph  of  the  completed  filter,  while 
Fig.  10.06-4  ahowa  those  dimensiona  of  the  filter  not  summarised  in 
Table  10.06-2.  The  short-circuiLing  aide  walla  of  the  atructure  are 
apaced  exactly  a  quarter-wavelength  apart  at  the  midband  frequency 
/(  *  1 . 5  Gc  (\#/4  ■  1.968  inchea).  Because  of  the  capacitance  between 
the  open-circuited  enda  of  the  reaonator  elements  and  the  aide  walla, 
it  waa  necesaary  to  foreshorten  the  reaonatora  ao  aa  to  aieintain  their 
reaonant  frequency  at  l.S  Gc.  No  very  aatiafactory  aieana  for  accounting 
for  all  of  the  fringing  capacitancea  at  the  open-circuit  enda  of  the 
reaonatora  haa  been  deviaed,  but  aone  rough  estimates  were  made  uaing 
fringing  capacitance  data  in  Sec.  S.05  and  varioua  approximations.  The 
estimated  foreahortening  for  the  resonators  waa  0.216  inch,  but  laboratory 
teats  showed  this  to  be  excessive  since  the  pass-band  center  was  1.S6 
instead  of  1.50  Gc.  Although  the  filter  pass  band  can  alwaya  be  lowered 
in  frequei  .y  by  use  of  tuning  acrewa,  if  the  reaonatora  had  been  fore¬ 
shortened  about  0.160  inch  instead  of  0.216  inch,  the  pass-band  center 
frequency  would  probably  have  been  about  right. 

Although  the  atructure  included  tuning  screws,  no  effort  was  made 
to  lower  the  band-center  frequency  to  1.50  Gc.  However,  it  was  found 
that  since  Reaonatora  1  and  6  have  different  fringing-capacitance 
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SOURCE:  Quarterly  Progress  Report  4»  Contract  DA  36-039  SC-87398,  SRI; 
reprinted  in  IRE  Trams.  PGMTT  (see  Ref.  3  by  G.  L.  Mettheei) 

FIG.  10.06-3  A  10-PERCENT  BANDWIDTH  INTERDIGITAL  FILTER  WITH  ITS  COVER 
PLATE  REMOVED 

condition,  at  their  open-circuit  ends  than  do  the  other  resonator*,  it 
was  necessary  to  increase  the  capacitance  at  their  open-circuit  ends  by 
inserting  the  tuning  screws.  Before  this  was  done,  the  pass-band  re¬ 
sponse  was  not  symmetrical  (this  is  indicative  of  mistuning  of  sqjne  of 
the  resonators  with  respect  to  the  others). 

When  the  filter  was  first  tested,  the  pass-band  VSWI1  reached  peaks 
of  2.2,  which  is  somewhat  high  aince  O.l-db  Tchebyscheff  ripples  call 
for  VSWH  peaks  of  only  1 . 3t  Such  conditions  can  usually  be  corrected 
by  altering  the  couplings  between  the  terminations  and  the  first  reso¬ 
nator  on  each  end.  Thus,  a  0. 032-inch-thick  brass  shim  was  added  to  the 
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TOP  View,  UPPfR  SSOUUO  PLANt  RCMOVED 

•  MIMII 


SOURCE  i  OawMtly  Pmnu  R*P«<  4,  Coainct  DA  SA-0S9  SC-S7J9S.  SRIi 
raprlaud  in  MX  Tnuu.  PCUTT  (•••  R.l.  S  by  O.  L.  M«tb»i> 

FIG.  10.06-4  DRAWING  OF  THE  10-PERCENT  BANDWIDTH 
INTERDIGITAL  FILTER 

Port  of  the  dimension*  or*  at  specified  by  Table  10.06-2 
altny  with  Fig.  10.06-2 

input  and  output  lines  (Lines  0  end  7)  to  reduce  the  adjacent  gape  froa 
■  0.159  inch  to  0.127  inch.  Thie  reduced  the  input  VSWR  to 
1.30  or  less  across  the  band.  It  appears  desirable  that,  in  working  out 
the  design  of  trial  Models  of  interdigitsl  filters  as  described  herein, 
soae  provision  should  be  made  for  experiMentsl  adjustment  of  the  site 
of  coupling  gaps  at  the  ends,  if  the  pass-band  VSWR  is  to  be  closely 
controlled. 

Figure  10.06-5  shows  the  Measured  attenuation  characteristic  of 
this  filter,  while  Fig.  10.06-6  shows  the  Measured  VSWR.  The  Measured 
fractional  bandwidth  is  slightly  less  then  the  design  value  (w  ■  0.0935 
instead  of  0.100).  Using  w  ■  0.0935  end  /#  «  «0/(2w)  «  1.563  Gc,  the 


ill 


■assured  attenustion  was  coapared  with  thst  estimated  by  use  of  the 
■spping  Eqa.  (10.06*1)  through  (10.06*3)  along  with  Fig.  4.03-S.  The 
■assured  attenuation  in  the  atop  bands  was  found  to  be  eosewhat  leas 
than  that  predicted  for  a  Tchebyseheff  filter  with  LAr  »  0.1- db  ripple. 
However,  the  pass-band  VSWR  in  Fig.  10.06-6  ia>  for  the  aoat  part,  Much 
less  than  the  1.36  peak  value  corresponding  to  a  0.1-db  Tchebyseheff 
ripple,  and  sone  of  the  VSWR  amplitude  shown  nay  be  due  to  the  connectors 
and  slight  niatuning. *  The  attenuation  for  a  L Ar  ■  0.01-db  ripple  filter 


SOURCE'  Qnutarlr  Pmriu  Rapoci  4,  Coatract  DA  S 6-OS 9  SC-87594,  SRI, 
nrriM«!  la  IKK  Tnuu .  PCMTT  <aaa  Rat.  S  br  C.  L.  Malika. i) 

FIG.  10.06-5  MEASURED  ATTENUATION  CHARACTERISTIC  OF 
THE  FILTER  IN  FIG.  10.06-3 


*  Tka  paaa-kaad  VSWR  la  tka  aaat  aaaaitita  iadaa  at  tka  tarralatiaa  a(  tka  aataal  daaifa  aa  aaa- 
pa  rad  aa  tka  paaa-kaad  aharaatarlaiia  ef  tka  pratatppa.  Tka  paaa-kaad  attaaaatiaa  aa  dataraiaad 
I raa  tkraaak  traaaaiaaiaa  aaaaaraaaata  iaaladaa  tka  additiaaal  attaaaatiaa  daa  ta  diaaipatiaa 
laaa,  aklak  aa y  ka  aarkadlr  fraatar  that  0.1  dk  dapaadiat  aa  tka  <?’a  a(  tka  raaaaatara. 
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FIG.  10.06-6  MEASURED  VSWR  OF  THE  FILTER  IN 
FIG.  10.06-3 


filter  (YSWH  >1.1  peak)  was  alao  estimated,  and  the  reaulta  are  summarised 
in  Table  10.06-3.  Note  that  in  all  caaea  the  measured  atop-band  attenuation 
ia  leaa  than  that  coaiputed  for  a  0.10-db  ripple  filter,  but  aore  than  that 
for  a  0.01-db  ripple  filter.  Thus,  the  given  approximate napping  procedure 
appeara  to  be  reaaonably  conaiatent  with  the  aieaaured  reaulta. 


TabU  10.06-3 

COMPARISON  OF  MEASURED  ATTENUATION  IN 
FIG.  10.06-5  WITH  ATTENUATION  PREDICTED 
USING  MAPPING  EQS.  (10.06-1)  TO  (10.06-3) 
Confuted  valuea  are  lor  0.01  and  0.10  db  ripple, 
a  >  6.  •  •  0.0935,  and/#  ■  «g/(2ir)  •  1.563  Go 


/.  O' 

La,  4b 

FOR  lAr  -  0.01 

lA.  4b 
MASURED 

La.  4b 

FOR  t4(,  >  0.10 

1.440 

25 

29 

35.5 

1.686 

25 

28 

35.5 

1.380 

49.5 

52 

59.5 

1.746 

49.5 

52 

59.5 

SOURCE:  Quarterly  Preireae  Safari  4,  Ceatraat 
M  34-836  SC-17361.  SRI:  raariatad  ia 
m  Trmt.  nmrr  (aaa  Rtf.  3  by 
0.  L.  Rattbaai. 


The  aecond  paaa  band  for  inter¬ 
digital  filtera  ia  centered  at  3o»g 
(where  o>#  if  the  center  of  the  firat 
pcaa  band).  There  are  multiple- 
order  poles  of  attenuation 
(Sec.  2.04)  at  o>  >  0,  2 oj#,  4o»g, 
etc. ,  so  the  stop  bands  era  very 
strong.  Unlike  all  the  filters  dis¬ 
cussed  earlier  in  this  chapter, 
interdigital  filters  cannot  possibly 
have  any  spurious  responses  near  2oif , 
4u>t ,  etc. ,  no  matter  how  poorly  they 
may  be  tuned. 
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Calculating  froa  the  aeasurad  pa'is-band  attenuation  of  the  trial 
deaign,  it  ia  estimated  that  the  unloaded  Q‘ a  of  the  reaonatora  in  thia 
filter  are  about  1100.  Uaing  copper  for  the  atructure  instead  of  aluainua 
would  theoretically  give  a  value  about  25  percent  higher  for  the  unloaded 
Q' a.  It  ia  poaaible  that  a  different  impedance  level  within  the  filter 
aight  alao  give  higher  Q’a  for  a  given  ground  plane  spacing.  Polishing 
the  resonator  bars  and  the  ground  planes  would  also  help  to  raise  the 
resonator  Q ' a. 

The  lines  in  the  trial  interdigital  filter  (Figs.  10.06-3  and  10.06*4) 
were  fabricated  by  aachining  Lines  0,  2,  4,  and  6  in  conb  fora  froa  a  single 
piece  of  jig  plate.  Lines  1,  3,  5,  and  7  were  cut  out  similarly  from  a 
second  piece  of  jig  plate.  (Actually,  both  comb  structures  were  machined 
at  once,  back-to-back.)  Then,  interleaving  the  two  comb  structures  between 
ground  planea  gave  the  desired  interdigital  structure. 

Figure  10.06-7  shows  an  alternative  form  of  interdigital  filter  struc¬ 
ture  thst  should  be  even  less  expensive  to  fabricate.  In  this  case,  the 
interdigital  line  atructure  is  photo-etched  on  a  copper-clad  dielectric 
card,  and  the  dielectric  material  removed  from  the  region  between  the 
copper-foil  lines.  In  order  to  provide  good  support  for  the  lines,  the 
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SOURCE t  Quarterly  Progress  Report  4,  Contract  DA  36-039  SC-87398,  SRI; 

reprinted  in  IRK  Trane.  PGMTT  { sea  Ref.  3  by  G.  I,.  Matthaei) 


FIG.  10.06-7  A  PROPOSED  LOW-COST  CONSTRUCTION  FOR  INTERDIGITAL -LINE 
FILTERS 
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dielectric  is  not  removed  at  the  open-circuit  ende  of  the  linee,  however. 
With  the  uee  of  thie  atructure,  the  propagation  ia  largely  in  air,  which 
ahould  permit  good  performance;  alao,  the  dielecrric-card  line  atructurea 
ahould  be  quite  inexpenaive  to  maaa  produce.  * 

Round  rode  between  ground  planea  alao  provide  an  attractive  forai  for 
fabricating  interdigital  filters.*  However,  no  data  ere  yet  available  for 
accurate  deterwinntion  of  the  rod  diaaietera  and  apacinga  from  apecified 
line  capacitancea. * 

SEC.  10.07,  INTERDIGITAL- LINE  FILTERS  HAVING  WIDE  BANDWIDTHS 

In  thia  auction  the  interdigital  band-paaa  filter  diacuaaion  in 
Sec.  10.06  ia  extended  to  cover  the  filter  atructure  ahown  in  Fig.  10.07-1. 
Note  that  the  atructure  in  Fig.  10.07-1  differa  from  that  in  Fig.  10.06-1 
in  that  the  terminating  lines  are  connected  to  open-circuited  rather  than 


LINE  NUMBCna  I  2  5  4  •  .  .  n-l 


TERMINATING 

LINE 

ADMITTANCE 


TERMMATINe 

LINE 

ADMITTANCE 


i-iUMn 


SOURCE)  Quarterly  Profreaa  Report  4*  Contract  DA  96-099  SC-87396,  SRI; 

npriauJ  ia  /RE  Tmi w.  PCHTT  (aaa  Raf.  9  Wy  G.  L.  MallbaaO 


FIG.  10.07-1  INTERDIGITAL  FILTER  WITH  OPEN-CIRCUITED 
LIMES  AT  THE  ENDS 


ahort-circuited  line  elementa.  In  the  case  of  the  atructure  in  Fig.  10.07-1, 
when  it  ia  deaigned  by  the  methods  of  thia  aection,  all  of  the  line  elementa 
(including  Lines  1  and  n}  serve  as  resonators.  Thus,  when  the  procedure  of 
thia  section  ia  used,  an  n-reacti ve-element ,  low-pass  prototype  will  lead  to 
an  interdigital  filter  with  n  interdigital  line  elements. 

Balljaka  aa4  Mattkaai  (Hat.  t)  ,in  «»  slM  for  Eoiifa  of  otrastaroo  asaoialiaa  of  ra4a  Ital  ara 

all  lha  saaa  ai,a  aaG  km  tki  aaaa  iaatiafi.  A  yrasaEara  far  aaaarata  4aii(a  akara  raryiat  Eiaaatara  ao4 
•yaaiafi  ara  ra,aira4  kaa  a  at  aa  rat  aaaa  aktaiasE. 
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Table  10.07-1  presents  approximate  design  equations  for  filters  of 
the  form  in  Fig.  10.07-1.  This  type  of  filter  is  most  practical  for 
designs  having  moderate  or  wide  bandwidths  (».«.,  perhaps  bandwidths  of 
around  30  percent  or  more),  although  the  design  procedure  given  is  valid 
for  either  narrow-  or  wide-band  filtera.  The  main  drawback  in  applying 
the  procedure  in  Table  10.07-1  to  narrow-band  filtera  is  that  Linea  1  and 
n  will  tend  to  attain  extremely  high  impedance  in  such  deaigns. 

Except  for  the  somewhat  different  design  equations,  the  procedure  for 
the  design  of  filtera  of  the  form  shown  in  Fig.  10.07-1  is  much  the  same  as 
that  described  for  filters  in  Sec.  10.06.  It  is  suggested  that  for  use  in 
Table  10.07-1,  w  be  made  about  8  percent  larger  than  the  actual  desired 
fractional  bandwidth,  in  order  to  allow  for  some  bandwidth  shrinkage. 
Equation  (10.06-4)  is  applicable  when  selecting  a  value  for  the  admittance 
scale  factor,  h. 

A  trial  design  was  worked  out  using  an  n  ■  8  reactive-element 
Tchebyscheff  prototype  with  LAf  ■  0.10  db.  The  prototype  parameters  were 
*o  *  *i  *  1.1897,  gj  »  1.4346,  g3  *  2.1199,  g4  -  1.6010,  gs  *  2.1699, 
gt  ■  1.5640,  gT  •  1.9444,  g,  *  0.8778,  g,  *  1.3554,  and  a>{  ■  1.  The  design 
was  carried  out  for  a  fractional  bandwidth  of  •  >  0.70  centered  at  1.50  Gc, 
and  the  parameter  h  was  chosen  to  make  Eq.  (10.06-4)  equal  to  5.86.  (This 
gives  a  generalised  odd-mode  impedance  of  64.5  ohms  for  the  middle  lines.) 
Table  10.07-2  summarizes  some  of  the  quantities  computed  in  the  course  of 
the  design  of  this  filter. 

Figure  10.07-2  shows  the  completed  filter,  while  the  drawing  in 
Fig.  10.07-3  shows  additional  construction  details  and  additional  dimen¬ 
sions  not  summarized  in  Table  10.07-2.  The  filter  was  fabricated  in  much 
the  same  manner  as  the  filter  described  in  Sec.  10.06,  except  that  the 
resonator  lines  were  foreshortened  by  0.150  inch.  The  relatively  small 
cross-sectional  dimensions  of  the  resonator  elements,  unfortunately,  made 
0.150  inch  excessive,  so  that  the  measured  band-center  frequency  was 
1.55  Gc  instead  of  1.50  Gc .  It  is  probable  that  foreshortening  the  line 
elements  about  0.  125  inch  would  have  been  about  right. 

When  this  filter  was  first  tested,  the  VSWR  was  quite  low  across  the 
band  (about  1.2  or  less)  except  at  band  center  where  the  VSWR  peaked  to 
1.8.  Thia  situation  was  altered  by  increasing  the  and  sT|  gaps  from 
0.087  inch  to  0.092  inch,  which  caused  the  VSWR  peaks  across  the  band  to 
be  more  nearly  even  and  to  be  1.55  or  less. 
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Table  10.07-1 


DESIGN  EQUATIONS  FOB  INTERDIGITAL  FILTERS  OP  HIE  FORM 
IN  FIG.  10.07-1 


Um  napping  in  Eqa.  (10.06-1)  to  (10.06-3)  to  aaloct  low-paaa 
prototype  with  tho  required  value  of  n.  The  input  and  output 
linen  in  tbia  filter  count  aa  reaonatora,  ao  that  there  are  n 
line  eleaMnta  for  an  n-reaetive-elaaent  prototype. 

Coapute: 
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The  nonaaliied  aelf-capacitancea,  C./i,  per  unit  length  for 
the  line  aleaenta  are: 
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Table  10.07*1  concluded 
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where  «  i«  the  dielectric  conelent,  t  it  the  relative 
dielectric  conetant  in  the  medium  of  propagation.  end  h  ia 
a  dieienaion leee  admittance  acale  factor  whoee  value  ehould 
be  choaen  to  give  a  convenient  admittance  level  in  the 
filler.  (See  Teat.) 

The  normalized  mutual  capacitencea  Ck  per  unit  length 

between  adjacent  line  elementa  ere: 
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SOURCE:  Quartarly  Prograaa  Raport  4,  Contract  DA  36-039 
SC-07398 ,  SRI;  raprintod  in  !H  Tram.  PCMTT 
(aaa  Raf.  3  by  G.  1..  Mattbaai). 
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FIG.  10.07-2  OCTAVE  BANDWIDTH  INTERDIGITAL  FILTER  WITH 
COVER  PLATE  REMOVED 
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FIG.  10.07-3  DRAWING  OF  THE  INTERDIGITAL  FILTER 
IN  FIG.  10.07-2 

Other  dimensions  not  shown  oro  os  defined  by 
Fig.  10.06-2  and  Table  10.07-2 
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Tibi.  10.07-2 

TABULATION  OF  SOME  OF  THE  PARAMETERS  COMPUTED  IN  THE  DESIGN  OF 
THE  TRIAL  OCTAVE- BANDWIDTH  INTERDIGITAL  FILTER 
Tbi  diasnaions  ara  it  dafinad  is  Fig.  10.06-2 


Ckaagad  to  1.091  iiik  aflar  laksratory  lasts. 

^  Caapatad  aaiap  C. .  (S. OS-16)  tar  riitk  sarractisa. 

SOURCE:  Qaartarly  Pragraaa  Rapart  4,  Caatraat  DA  16-019  SC-17191.  SRI; 
rspriatad  ia  IU  Tr aat.  PCMTT  (aaa  Rat.  3  ky  G.  L.  Mattkaai. 


Figure  10.07-4  ahowi  the  measured  attenuation  of  this  filter,  while 
Fig.  10.07-5  ahowa  ita  measured  VSWH.  The  fractional  bandwidth  ia  0.645 
inatead  of  the  specified  0.700  value,  which  indicates  a  shrinkage  of  band¬ 
width  of  about  8  percent,  as  a  result  of  the 
Tabla  10.07-3  various  approximations  involved  in  the  design 


COMPARISON  OF  THE  MEASURED 
ATTENUATION  IN  FIG.  10.07-4  WITH 
ATTENUATION  PREDICTED  USING  MAPPING 
EQS.  (10.06-1)  TO  (10.06-3) 
Coaputrd  values  are  for  0.10-db 
rippla,  n  ■  8,  a  •  0.645,  and 
/0-V< 2»>  -  1.55  Gc 


SOURCE i  Quarterly  Pragraaa  Repart  4, 
Ceatreet  DA  14-019  SC-17191, 
SRIl  repriatad  ia  IU  fraat. 
HMTT  (aaa  Ref.  I  by 
0.  L.  Mattkaai). 


equations.  The  attenuation  characteristics 
in  Fig.  10.07-4  was  checked  against  the  at¬ 
tenuation  computed  using  the  mapping 
Eqs.  (10.06-1)  through  (10.06-3)  with 
a>  •  0.645,  and  /#  »  o>#/(277)  ■  1.55  Gc,  along 
with  the  n  •  8  curve  in  Fig.  4.03-5.  The 
resulting  computed  values  are  listed  in 
Table  10.07-3,  along  with  the  corresponding 
measured  values  of  attenuation.  The  agree¬ 
ment  can  be  seen  to  be  quite  good. 

SEC.  10.08,  DERIVATION  OF  THE  DESIGN” 
EQUATIONS  FOR  PARALLEL- 
COUPLED  AND  STUB  FILTERS  — 

The  first  step  in  deriving  the  design 


equations  in  Tables  10.02-1  through 
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FIG.  10.07-4  MEASURED  ATTENUATION  CHARACTERISTIC  OF  THE 
FILTER  IN  FIG.  10.07-2 
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FIG.  10.07-5  MEASURED  VSWR  OF  THE  FILTER 
IN  FIG.  10.07-2 
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Table  10.05-1  ia  to  convert  the  low-pea*  prototype  (Sec.  4.04)  into  the 
modified  forn  discussed  in  Sue.  4.12.  which  usee  only  one  kind  of  reactive 
eleaent  along  with  iapedance  or  adaittance  inverter*  aa  shown  in 
Fig.  10.08-1.  where  the  iapedance  and  adaittance  inverter*  are  aasuned 
to  be  frequency-independent  end  to  have  the  properties  summarised  in 
Fig.  10.08-2.  It  will  be  recalled  that  the  low-paaa  prototype  element 
values  g#,  gj,  gj,  ....  g#u  having  been  specified  for  the  circuit  in 
Fig.  lO.OO-l(a),  the  elements  RA,  Ltl,  Lat,  ....  t|t,  A,  maybe  chosen 


|k  .  I IA  a-  1 . 


(a)  MOOIFIED  PHOTOTYPE  USING  IMPEDANCE  INVERTERS 


01  V 


•mi 


—  ft .At  I 


(b)  MODtPlEO  PHOTOTYPE  USING  ADMITTANCE  INVERTERS 
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FIG.  10.08-1  LOW-PASS  PROTOTYPES  MODIFIED  TO  INCLUDE  IMPEDANCE 
INVERTERS  OR  ADMITTANCE  INVERTERS 
The  g0,  gt,  ....  9n,  gn+1  or*  obtained  from  the  original  prototype 
as  in  Fig.  4.04-1,  while  the  RA,  L#(,  ...,  L(n,  and  RB  or.tbe  GA, 
C.|,  ...,  C„,  and  GB  may  be  chosen  at  desired 
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SOURCE!  Final  Rifort.  Contract  DA  S&-0»»  SC- 74(02, 
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Rai.  1  hr  C.  L.  Malika* I ) 


FIG.  10.08-2  DEFINITION  OF  IMPEDANCE 
INVERTERS  AND  ADMITTANCE 
INVERTERS 


•a  desired.  Then  the  circuit  with  impedance  inverters  and  aeries  induc¬ 
tances  will  have  exactly  the  same  response  as  the  original  L-C  ladder 
prototype  if  the  impedance  inverter  parameters  are  specified  as  indicated 
by  the  equations  in  Fig.  1 0 . 08 -1(a).  An  analogous  situation  also  applies 
for  the  dual  circuit  in  Fig.  1 0 . 08 -1(b). 

The  derivationi  of  the  design  equations  in  this  chapter  are  based  on 
the  use  of  the  converted  prototypes  in  Fig.  10.08-1  using  idealised, 
frequency-independent  impedance  or  admittance  inverters.  The  procedure 
will  be  to  break  up  the  modified  prototype  into  symmetrical  sections,  and 
then  to  relate  the  image  properties  (Chapter  3)  of  the  modified  prototype 
sections  to  the  image  properties  of  corresponding  sectiona  of  the  actual 
band-pass  microwave  filter  structure. 
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Procedure  for  Deriving  the  Equatione  in  Tabic  10. 02-1— The  design 
aquations  in  Tabla  10.02-1  are  baaed  on  the  modified  prototype  shown  at 
( b )  in  Fig.  10.08*1,  while  Fig.  10.08-3  shows  the  manner  in  which  the 
element  values  are  specified,  and  the  manner  in  which  the  prototype  is 
broken  into  sections.  The  image  admittance,  t  +  t  (&>'),  end  phase, 

0k  (in  the  pass  band)  for  each  of  the  prototype  interior  sections 
(Sj'j  to  <S'_i  m)  are  readily  shown  to  be 


and 


,  i 

r~ 

1  - 

’»* (C./2) 

*  Jk.k*i  V 

1 

f 

(10.08-1) 


'k  .  k*l 

~OT 


(10.08-2) 


where,  in  this  esse,  Cm  •  C4/o j,'  and  o>,'  is  the  cutoff  frequency  for  the 
low-pass  prototype.  The  choice  of  *v/2  in  Eq.  (10.08-2)  depends  on 
whether  the  inverter  is  taken  to  have  190-degree  phase  shift.  The 
equations  in  Fig.  S . 09 -1(b)  can  be  adapted  to  show  that  the  image  admit¬ 
tance  and  pass-band  image  phase  for  a  pars! lei -coupled  section, 
such  as  those  in  the  filter  in  Fig.  1 0 . 02 -1(a)  is 
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FIG.  10.08-3  MODIFIED  PROTOTYPE  FOR  DERIVING  THE  DESIGN 
EQUATIONS  IN  TABLE  10.02-1 


•nd 


f(Y„  -  r,,)1  ♦  (y„  *  r>#)»  co7 

2  sin  & 


(10.08-3) 


(10.08-4) 


where  6  «  vco/ 2oj#  and  F#t  and  are  the  odd-  and  even-mode  line  admit- 
tancea,  reaped ively .  The  parametera  of  the  parallel-coupled  aectiona 
Sjj  to  ,  in  Tig.  1 0 . 02 -1(a)  are  related  to  aectiona  Sjj  to  S^_,  H 

of  the  prototype  by  forcing  the  following  correapondencea  between  the 
two  atructurea: 

(1)  The  image  phaae  of  the  parallel-coupled  aectiona  when 
oi  *  o)#  auat  be  the  aane  aa  the  image  phaae  of  the  pro¬ 
totype  aectiona  when  cj'  -  0- 

(2)  The  image  admittancea  of  the  parallel-coupled  aectiona 
when  ai  *  o»#  muat  be  the  name  (within  a  scale  factor  h)* 
aa  the  image  admittancea  of  the  corresponding  prototype 
sections  when  u>'  ■  0. 

(3)  The  image  admittance  of  the  paral lei -coupled  sections 
when  o>  «  oij  must  be  the  same  (within  a  scale  factor  M* 
as  the  image  admittance  of  the  corresponding  prototype 
sections  when  u>'  *  a»| . 

(10.08-5) 

Correapondence  (1)  is  fulfilled  in  this  case  by  choosing  the  +  sign 
in  Eq.  (10.08-2).  Equating  Eqs.  (10.08-1)  and  (10.08-3)  and  evaluating 
each  aide  at  the  appropriate  frequencies  indicated  above,  two  equations 
are  obtained  from  which  the  equations  for  interior  sections  in 
Table  10.02-1  may  be  derived  (with  the  help  of  the  information  in 
Figs.  10.08-1  and  10.08-3)  by  aolving  for  and  Ytf. 

The  end  aectiona,  SQ,  and  Sn  Ml,  must  be  treated  as  a  apecial  case. 
If  Yiti{jcj)  is  defined  as  the  admittance  seen  looking  in  the  right  end  of 
the  parallel-coupled  aection  Sgl  in  Fig.  10.02-l(a),  with  the  left  end 


*  Tskiai  c4  -  c,  *  r,  *  rt. 
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connected  to  the  input  line  of  edmittance  Y A,  the  following  correepondencea 
are  forced  with  respect  to  Y'im(ju)')  indicated  in  Fig.  10.08-3: 

(1)  Re  Ylt(ja>0)  ■  Re  Yitt(jo)l)  for  the  parallel-coupled  termi¬ 
nating  circuit,  juat  as  Re  Y'im()0)  ■  Re  Y^m(~ju>l)  for  the 
teraiinating  circuit  of  the  prototype. 

(10.08-6) 

(2)  Im  Yim(jo>l  )/Re  )  must  equal  B'/G'  *  In  Y\  „  (“jo>{ )/ 

Re  computed  from  the  prototype. 

In  order  to  obtain  additional  degrees  of  freedom  for  adjusting  the  admit¬ 
tance  level  within  the  interior  of  the  filter,  the  two  parallel-coupled 
strips  for  the  end  sections  S01  and  S,  afl  were  allowed  to  be  of  unequal 
width  and  the  special  constraint  conditions  summarized  in  Fig.  S.09-3(a) 
were  used  in  computing  Yim(jo>)  for  the  actual  filter.  [The  constraint 
(F'^)^  +  W.Ki  "  2F4  insures  that  Correapondence  1  in  Eq.  (10.08-6) 
will  be  satisfied.]  From  Fig.  10.08-3  it  is  easily  seen  that 


F'.OoO 


(10.08-7) 


The  equations  in  Table  10.02-1  for  design  of  the  end  sections  S0,  and 

of  the  parallel-coupled  filter  were  then  obtained  by  using  YiB(j<v) 
computed  using  Fig.  5.09-3(a),  and  Y[m(jo)' )  from  Eq.  (10.08-7)  in  the 
correspondencea  (10.08*6)  above.  it  should  be  noted  thst  the  admittance 
scale  factor  h  ■  1//7V,  where  N  is  the  turns  ratio  in  Fig.  5.09-3(a). 

Procedure  for  Deriving  the  Equations  in  Table  t0.03-t — The  equations 
in  Table  10.03-1  were  derived  using  much  the  same  point  of  view  as  dis¬ 
cussed  above  for  Table  10.02-1,  except  that  the  somewhat  different  modi¬ 
fied  prototype  in  Fig.  10.08-4  was  used.  Note  thst  in  this  case  the  J#1 
and  J '  j  admittance  inverters  are  eliminated,  and  that  the  circuit  has 
been  split  into  a  cascade  of  symmetrical  sections.  Note  that  the  sym¬ 
metrical  sections  in  Fig.  10.08-4  are  the  same  as  those  in  Fig.  10.08-3, 
and  that  their  image  admittance  and  phase  are  given  by  Eqs.  (10.06-1)  and 
(10.08-2).  Now  the  stub  filter  in  Fig.  10.03-1  esn  be  pieced  together  as 
a  cascade  of  symmetrical  stub  sections  as  shown  in  Fig.  10.08-5.  Also, 
note  from  Fig.  S . 09 -1(b)  that  these  stub  sections  are  exactly  equivalent 
to  the  parallel -coupled  sections  in  the  filter  in  Fig.  10.02-l(a).  Due 
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FIG.  10.014  MODIFIED  PROTOTYPE  FOR  USE  IN  DERIVING  THE 
DESIGN  EQUATIONS  IN  TABLE  10.03-1 

The  parameter  d  may  ba  chosen  arbitrarily  within  tha 
rang#  0  <  d  ■  1 


FIG.  10.00-5  THE  FILTER  IN  FIG.  10.03-1  BROKEN 
INTO  SYMMETRICAL  SECTIONS 

Tha  tactions  of  this  filter  ora  designed 
using  the  prototype  sections  in 
Fig.  10.00-4  as  o  guide 


to  thia  equivalence,  Eqa.  (10.08-3)  and  (10.08-4)  alao  apply  for  atub 
aectiona  by  substituting 


and 


(10.08-8) 


*♦1 


Yi 


4*1 


+  2  F 


4,4*  1 


(10.08-9) 


where  Ft  4  +  l  ia  the  characteriatic  admittance  of  the  A.,/4  connecting  line 
and  F|t+I  ia  the  characteriatic  admittance  of  the  short-circuited  \0/4 
atuba  in  aection  S4  tfl  of  the  filter  (Fig.  10.08-5). 

The  aectiona  SJ  of  the  modified  prototype  in  Fig.  10.08-4  were 
relrted  to  the  corresponding  aectiona  Sk  (Fig.  10.08-5)  of  the  band¬ 
pass  filter  by  first  setting  ■  g,  (for  Fig.  10.08-4)  and  then  apply¬ 

ing  the  correapondencea  (10.08-5)  above.  (Of  course,  in  the  atatements  of 
the  correspondences  " atub  fi Iter  sections"  should  be  used  to  replace  "parallel- 
coupled  section*.")  The  correspondences  were  first  worked  out  using  the  admit¬ 
tance  level  of  the  prototype  in  Fig.  10.08-4;  later  the  admittance  level  was 
altered  by  multiplying  all  admittances  by  YA g#.  Relating  the  prototype  and 
band-pass  filter  aectiona  made  it  possible  to  obtain  equations  for  the  line 
admittances  in  the  band-pass  filter  sections,  and  then  the  final  stub  admit¬ 
tances  for  the  filter  in  Fig.  10.03-1  were  computed  as  the  sums  of  the 
admittances  of  adjacent  stubs,  i.e.,  for  the  fcth  stub 


4*2  t •  *-1 


Y' 

*4-1.4 


Y' 

*4,4*1 


(10.08-10) 


The  atub  FJ  in  Fig.  10.08-5  ia  related  to  C| •  in  Fig.  10.08-4  by  the 
relation 

FJ  ctn 

^c;r9  -  — - -  do.08-11) 

rA 

which  forces  the  susceptance  of  the  F{  stub  at  the  band-edge  frequency, 
oij ,  to  be  the  aame  as  the  ausceptance  of  C{  of  the  modified  prototype  at 
the  prototype  band-edge  frequency,  a>J  ,  (except  for  a  possible  admittance 
acale  change  in  the  microwave  filter).  Then  the  end  stub  F,  has  the 
total  admittance 


r;  ♦  y;, 


(10.08-12) 


y 


i 


The  other  end  stub,  Yh  ,  is  treated  in  similar  fashion. 

Procedure  for  Deriving  the  Equations  in  Table  10.05-i — The  stub 
filter  in  Fig.  10.05-1  is  much  the  saute  as  that  in  Fig.  10.03-1,  except 
that  aeries  X#/2  short-circuited  stubs  have  been  added  at  the  ends  of 
the  filter.  In  order  to  accommodate  the  series  stubs,  the  modified 
prototype  in  Fig.  10.08-6  is  used,  where  it  should  be  noted  that  there 
are  now  series  inductances  at  both  ends  of  the  filter.  The  aeries  stub 
Zj  of  the  filter  in  Fig.  10.05-1  is  related  to  the  series  element  Lj  of 
the  filter  in  Fig.  10.08-6.  This  relation  forces  the  reactance  of  the 
series  stub  at  the  band-edge  frequency  u>l  for  the  band-pass  filter  to  be 
the  same  as  the  reactance  of  the  prototype  at  the  prototype  band- 

edge  frequency  .  u,:  (within  a  possible  impedance  scale  change  for  the 
microwave  filter).  The  same  was  done  for  the  series  stub  Z|  at  the  other 
end  of  the  filter.  In  all  other  respects  the  derivation  of  the  equations 
in  Table  10.05-1  is  much  the  same  as  the  derivation  for  the  equations  for 
the  stub  filter  in  Fig.  10.03-1,  as  discussed  above. 


FIG.  10  08-6  MODIFIED  PROTOTYPE  FOR  USE  IN  DERIVING  THE  EQUATIONS 
IN  TABLE  10.05-1  < 

The  parameter  d  may  be  chosen  arbitrarily  within  the  range  0  <  d  *  1 
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SEC.  10.09,  DERIVATION  OF  THE  DESIGN  EQUATIONS  FOR 
INTERDIGITAL-LINE  FILTERS 


The  derivation  of  design  equations  for  filters  of  the  form  in 
Fig.  10. 09- 1  was  expl  ained  in  Sec  .  10.08.  Filters  of  this  type  consist  of 
parallel-coupled  resonators  which  are  Ag/2  long  at  the  midband  frequency 
There  ia  a  \g/4,  short-circuited  input  and  output  coupling  line  at  each 
end  of  this  filter;  these  are  designed  to  serve  only  as  part  of  an  admit 
tance  transforming  section.  An  interdigital  filter  of  the  forir  in 
Fig.  10.06-1  is  obtained  from  the  filter  in  Fig.  10.09-1  if  each  Ag/2 
line  is  cut  in  the  middle  and  folded  double  to  give  the  structure  in 
Fig.  10.09-2.  It  can  be  seen  from  Fig.  10.09-3  that  this  operation  has 
little  effect  on  the  currents  and  voltages  on  the  lines,  at  least  at 
midband.  Figure  10.09-3(a)  shows  the  voltages  and  currents  on  a  short- 
circuited  \g/2  resonator,  while  Fig.  10.09-3(b)  shows  the  voltages  and 
currents  after  the  resonator  has  been  cut  and  folded.  Note  that  the 
voltagea  and  currents  on  the  a  and  b  portions  of  the  resonator  are  the 
same  in  either  case. 

The  circuits  in  Figs.  10.09-1  and  10.09-2  are  clearly  not  electri¬ 
cally  the  aame.  First,  if  the  structure  in  Fig.  10.09-2  has  significant 
fringing  capacitances  extending  beyond  nearest-neighbor  line  elements, 
the  coupling  mechanism  becomes  much  more  complicated  than  is  implied  by 
the  simple  folding  process.  Second,  the  circuit  in  Fig-  10.09-1  can  be 
shown  to  have  only  a  first-order  pole  of  attenuation  (Sec.  2.04)  at 
oi  ■  0,  2o)# ,  4o<#,  etc.,  while  the  circuit  in  Fig.  10.09-2  has  high-order 
poles  of  attenuation  at  these  frequencies.  For  this  reason  it  was  at 
first  believed  that  folding  a  filter  as  in  Fig.  10.09-2  would  have  very 
little  effect  on  its  response  for  frequencies  near  o>0  (provided  that 
fringing  beyond  nearest  neighbors  is  negligible)',  but  that  the  error 
might  be  considerable  at  frequencies  well  removed  from  o)g  (which  would 
imply  that  the  folding  shown  in  Fig.  10.09-2  might  considerably  disturb 
the  response  of  a  wide-band  filter).  To  check  this  point,  the  image 
cutoff  frequency  predicted  by  the  approximation  in  Figs.  10.09-1  and 
10.09-2  was  compared  with  a  previous  interdigital- line  exact  analysis2 
for  the  case  where  there  is  no  fringing  beyond  nearest  neighbors. 
Surprisingly  enough,  the  image  bandwidths  were  practically  the  same  (to 
slide  rule  accuracy)  by  either  theory,  even  for  bandwidths  as  great  as 
an  octave.  This  unexpected  result  indicates  that  the  folding  process 
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reprinted  in  IRE  Trane.  FCMTT  (see  Ref.  3  bp  G.  L.  Mettbaoi) 

FIG.  10.09-1  A  PARALLEL-COUPLED  STRIP-LINE  FILTER  WITH 
X^/2  RESONATORS 
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SOURCEi  Quarterly  i*rogreee  Report  4,  Contract  DA  36-039  SC-87398,  SRI; 

reprinted  in  IRE  Trane.  PCUTT  (nee  Ref.  3  by  G.  L.  MattHaei) 

FIG.  10.09-2  AN  INTERDIGITAL  FILTER  FORMED  FROM  THE 
FILTER  IN  FIG.  10.09-1 
Each  Xq/2  resonator  ha*  boon  cut  in  two  in  tho 
middle  end  then  folded  double 
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SOURCE:  Quarterly  Pro*r«aa  Ripon  4*  Contract 
DA  34-039  SC-07394,  SRI;  reyriutaJ 
ia  IRC  Tr+mi  PGMTT  (•••  Raf.  3  by 
C.  L.  Maltha*  i) 

FIG.  10.09-3  EFFECT  OF  FOLDING  A 
\«/2  RESONATOR  TO 
MAKE  A  KJA 
RESONATOR 

in  Fig.  10.09*2  should  not  greatly  disturb  the  reaponae  of  filters  of 
the  form  in  Fig.  10.09-1.  even  if  the  bandwidth  is  quite  wide  (provided 
that  fringing  capacitances  beyond  nearest-neighbor  line  elenents  are 
negligible).  Experimental  results  show  that  in  typical  cases  the  fring¬ 
ing  capacitance  beyond  nearest  neighbor  has  no  serious  effect. 

The  design  equations  in  Table  10.06-1  were  obtained  directly  from 
those  in  Table  10,02-1  (which  are  for  a  filter  of  the  form  in  Fig.  10.09-1). 
along  with  the  "  folding"  approximation  in  Fig.  10.09-2.  Since  the  equations 
for  the  filter  in  Fig.  10.09-1  were  shown  to  be  valid  from  narrow  bandwidths 
to  at  leaat  bandwidths  of  the  order  of  an  octave,  and  since  the  folding  ap¬ 
proximation  appears  to  be  reasonably  good  to  such  bandwidths,  the  design 
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equation*  in  Table  10.06-1  ahould,  in  principle,  be  good  for  large  aa 
well  aa  for  narrow  bandwidth*.  However,  the  phyaical  dimensions  of  wide¬ 
band  filter*  of  thia  type  are  not  aa  deairable  aa  those  of  the  type  ahown 
in  Fig.  10.07-1. 

In  order  to  derive  design  equations  for  interdigital  filters  with 
open-circuited  terminating  lines  (Fig.  10.07-1),  design  equations  were 
first  derived  for  the  type  of  filter  shown  in  Fig.  10.09-4.  This  filter 
is  nearly  the  aame  as  the  parallel -coupled  filter  in  Fig.  10.09-1,  except 
for  the  manner  in  which  the  terminating  lines  are  coupled  in.  It  is 
readiiy  seen  that  if  the  folding  process  in  Fig-  10.09-2  is  applied  to 
to  the  filter  in  Fig.  10.09-4,  an  interdigital  filter  with  open-circuited 
input  lines  will  result.  It  might  seem  at  first  that  design  equation*  for 
interdigital  filters  with  open-circuited  terminating  lines  could  have  been 
obtained  by  folding  a  paral 1  el -coupled  filter  that  had  resonators  open- 
circuited  at  the  ends  [Fig.  10 . 02-  1(b)] .  However,  it.  will  be  aeen  that 
this  cannot  work,  since  the  voltages  at  opposite  ends  of  a  K/2  open- 
circuited  resonator  have  opposite  polarity. 
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SOURCE i  Quirtirly  Prograna  Haport  4,  Contract  DA  36-039  SC-67390,  SRI; 

rapriatad  in  IRE  Trans  FCMTT  (nee  Rat.  3  by  G.  L.  Maltha.  1) 

FIG.  10.09-4  A  PARALLEL-COUPLED  FILTER  WITH  \J 2 
SHORT-CIRCUITED  RESONATORS  AND  OPEN- 
CIRCUITED  TERMINATING  LINES 
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Design  aquations  for  the  filter  in  Fig.  10.09-4  were  derived  in  s 
manner  uuch  like  that  used  for  deriving  the  equations  for  the  filter  in 
Fig.  10.09-1,  except  that  the  parallel-coupled  line  information  summarised 
in  Fig.  S . 09-2 ( c )  was  used  in  designing  the  end  sections.  Note  that  this 
section  also  has  impedance-transforming  properties  so  that  the  admittance 
scale  factor  h  ■  1 //N,  where  N  is  the  turns  ratio  of  the  ideal  transformer 
in  Fig.  5.09-  2(c).  Note  that,  in  the  derivation  of  the  equations  for 
filters  of  the  form  in  Fig.  10.09-1,  the  mathematical  constraint  and 
equivalent  circuit  in  Fig.  5.09-3(a)  were  used.  The  constraint  given  there 
causes  one  natural  mode  (Sec.  2.03)  of  each  end  section  to  be  stifled. 

When  end  sections  as  in  Fig.  S . 09- 2(c)  are  used,  all  natural  modes  are 
fully  utilised. 

When  the  strip-line  and  open-wire  line  equivalences  in  Figs.  5.09-2(a) 
and  S.09-2(c)  are  used,  it  will  be  seen  that  the  atrip-line  circuit  in 
Fig  10.09-4  is  electrically  identical  to  the  open-wire  line  circuit  in 
Fig.  10.09-5.  The  filter  circuit  in  Fig.  10.09-5  is  very  similar  to  the 
filter  in  Fig.  10.05-1,  for  which  design  equations  were  presented  in 
Tsble  10.05-1.  The  filters  in  Fig.  10.09-5  snd  in  Fig.  10.05-1  become 
identical  if  we  set  a  »  ®  in  Fig.  10.05-1  end  Table  10.05-1,  and  if  we 
introduce  an  ideal  transformer  at  each  end  of  the  filter  while  altering 
the  impedance  level  within  the  filter  to  make  the  impedances  looking  into 
the  ends  of  the  filter  the  same  as  before  the  transformers  were  introduced. 
Design  equations  for  the  filter  in  Fig-  10.09-5  were  obtained  in  thi a  manner , 


SOimCEi  Qwntwlir  Fropm  Rwport  4,  Cottraet  DA  S 6-039  SC-87196,  Sllli 
ri»rial«4  ift  IRE  Tran*.  PCHTT  (•••  M.  8  ky  G.  L.  Mmlwii) 

FIG.  10.09-5  AN  OPEN-WIRE-LINE  EQUIVALENT  CIRCUIT  OF  THE  FILTER  IN  FIG.  10.09-4 
All  stubs  and  connecting  lines  are  Aq/4  long  at  midband 
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and  from  these  resulta  equations  for  the  equivalent  filter  in  Fig.  10.09*4 
were  obtained.  Then  the  equations  for  the  corresponding  interdigital 
filter  resulted  fro*  applying  to  the  filter  in  Fig.  10.09*4  the  folding 
approximation  illustrated  in  Fig.  10.09-2.  The  reader  will  be  interested 
to  note  that  the  in  Table  10.07-1  correspond  to  characteristic 

adaittancea  Ft  of  the  connecting  lines  in  Fig.  10.09-5,  while  Zi ,  Y2  , 

Y j.  •••»  l,_j,  Zn  in  Table  10.07-1  correspond  to  the  characteristic  iaped- 
ancea  or  admittances  of  the  stubs  in  Fig.  10.09-5,  for  the  limiting  case 
where  the  transformer  turns  ratio  is  N  »  1.  For  N  >  1  the  admittances 
are  scaled  by  the  factor  /«. 

SEC.  10.10,  SELECTION  OF  MAPPING  FUNCTIONS 

The  plots  presented  herin  show  that  when  the  function  in  Eq.  (10.02-1) 
is  used  as  indicated  in  Fig.  10.0L-4  or  10.02-5  to  map  the  response  of  a 
low-pass  prototype,  it  will  predict  quite  accurately  the  response  of  band¬ 
pass  filters  of  the  forms  in  Figs.  10.02-1  or  10.03-1  having  narrow  or 
moderate  bandwidth.  Although  the  function  in  Eq.  (10.02-1)  is  very  uaeful, 
it  should  not  be  expected  to  give  high  accuracy  for  wide-band  cases  because 
it  is  not  periodic  (which  the  filter  responses  in  Sec.  10.02  and  10.03  are), 
nor  does  it  go  to  infinity  for  c>  =  0,  2f<># ,  4o>0 ,  etc.,  which  is  necessary  in 
order  to  predict  the  infinite  attenuation  frequencies  (Sec.  2.04)  in  the 
response  of  the  band-pass  filter  structure.  It  might  at  first  seem  that 
the  function 

f-(^)  ■  '"‘(sr)  iio-,o  i) 

would  solve  this  problem  nicely,  since  (1)  it  is  periodic  as  desired, 

(2)  it  varies  similarly  to  Eq.  (10.02-1)  in  the  vicinity  of  a>Q,  and  (3) 
it  has  poles  at  the  desired  frequencies,  u>  =  0,  2r*>#,  4a)# ,  etc.  However, 
if  the  structures  in  Figs.  10.02-1  and  10.03-1  are  analyzed,  it  will  be 
seen  that  no  matter  what  value  of  n  is  used,  the  poles  of  attenuation  at 
a)  «  0,  2c*j0,  4 o>0,  etc.,  are  always  first-order  poles.*  Meanwhile,  an 
n-reactive-element  prototype  as  in  Fig.  4.04-1  (which  will  have  an  nth- 
order  pole  at  &>'  *  00 )  will  map  so  as  to  give  nth  order  poles  at  u>  ■  0, 

• 

For  aaaapla,  lor  tkt  filtar  fora  ia  Fi|.  10.03-1,  aa  <*>  -  0  tka  afloat  of  all  of  tka  akaat  ataka 
eaa  ka  radical  to  tkat  af  a  aiagla,  akaat,  aaro-iapadaaca  braack  akick  aaald  prodaca  a  firat- 
ordar  pola  of  attaaaatioa  at  u  ■  0.  (Oaa  aayia  akick  kifkar-ardar  polaa  aaa  ka  faaaratad  ia 
to  pradaca  akaat,  taro- iapadaaea  braaekaa  altaraatiaf  oitk  aariaa  braaakaa  kavisf  iafiaita 
iapadaaea.  Saa  Sac.  2.04.) 
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2w#1  ate.,  if  tka  function  in  Eq.  (10.10-1)  ia  used.  This  important 
aourca  of  arror  ia  corrected  in  the  case  of  Eq.  (10.02-4)  by  replacing 
cot  (vu/ 2<u#)  by  coa  (nu/2o»0)/|ain  (mw/2w# )  | ,  and  then  taking  the  nth 
root  of  the  denominator.  In  thia  manner  the  polea  generated  by  the  aaroa 
of  lain  (tki>/2o)()|  become  of  1/n  order,  which  cauaea  the  nth-order  pole 
it  u'  ■  00  for  the  prototype  reaponae  to  map  into  fi rat-order  polea  of 
the  band-paaa  filter  reaponae  at  the  deaired  frequenciea. 

In  the  caae  of  the  circuit  in  Fig.  10.05-1,  the  polea  of  attenuation 
at  co  ■  0,  2 £i)#,  4o># ,  etc.,  will  again  alwaya  be  of  firat  order  regardleaa 
of  the  value  of  n  uaed.  However,  the  seriea  atubs  at  each  end  produce 
aecond-order  polea  at  the  frequency  and  at  other  correaponding  pointa 
in  the  periodic  reaponae.*  Thus,  the 

/|ain  (7kj/2^0)| 

factor  iir-the  denominator  of  Eq.  (10. 05*2)  aaaurea  that  the  nth-order 
polea  at  co'  «  00  in  the  prototype  reaponae  will  alwaya  map  to  firat-order 
polea  at  •  0,  2cufl ,  etc.,  for  the  band-paaa  filter  reaponae.  In  addition, 
the  factor 


ia  introduced  to  cauae  the  nth-order  pole  at  infinity  in  the  prototype 
reaponae  to  map  to  aecond-order  polea  at  a>m  (and  other  periodic  pointa) 
for  the  band-paaa  filter  rea'ponae.  In  thia  manner,  all  of  the  proper 
polea  of  attenuation  are  introduced  with  their  proper  order. 

Theae  principles  can  nlao  be  applied  to  the  atructure  in  Fig.  10.04-1, 
but  thia  atructure  preaenta  aome  new  difficultiea.  It  can  be  aeen  that 
thia  atructure  will  develop  nth-order  polea  of  attenuation  at  o>s  and  cor¬ 
reaponding  periodic  pointa.  However,  the  hal f-wavelength  atuba  alao 
introduce  additional  natural  modes  of  oscillation  which  create,  in  addition 


Hii  ke  ssss  as  folleaa:  For  01  *  tu,  sack  of  tka  aariaa  ataka  represents  an  isfiaits- 
iapedeaee  aariaa  krasak.  Far  tkia  single  fragaeaay,  tka  interior  part  at  tka  filter  aas  ka 
replaead  ky  as  sgaivaleal  F-aastias  nitk  a  finite  ekaat  iapedasae.  Tkna,  tka  atrnetnra  aas 
ka  redaeed  (far  tka  fregaaaay  ta  tea,  aariaa,  iaf iaita-iapadaaea  kraackaa  separated  ky  a 

finite,  akeat-iapedaaae  krasak.  Tkia  aan  ka  aeas  ta  raaalt  ia  a  second -order  pale  af  etteaa- 
atiaa.  (If  tka  ianedaaae  af  tka  eaeireleat  akaat  kraack  kad  keen  tare,  tka  pale  of 
atteaaaties  saald  nova  kaaa  raised  ta  tkird  order.) 
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to  the  desired  pass  band,  a  low-paaa  paaa  band  (and  corresponding  periodic 
pass  bands)  as  shown  in  the  response  in  Fig.  10.04-2.  This  additional  low* 
paaa  pass  band  approaches  o>a  quite  closely,  with  the  result  that,  although 
the  pole  at  oia  is  of  relatively  high  order,  its  effectiveness  ia  weakened 
by  the  close  proxinity  of  this  low-pass  pass  band.  The  function 


(10.10-2) 


for  the  case  of  »  0.50  would  nap  the  prototype  response  to  give  a 

low-paaa  paaa  band,  an  nth-order  pole  at  o>a,  and  the  desired  pass  band 
centered  at  o>#.  However,  it  would  not  properly  predict  how  clone  the  low- 
paaa  pass  band  cones  to  a>a,  nor  could  it  account  for  the  oversise  attenua¬ 
tion  ripplea  which  occur  in  this  band  (see  Fig.  10.04-2).  As  a  result, 
the  function  in  Eq.  (10.10-2)  predicts  an  overly  optiniatic  rate  of  cutoff 
at  the  edges  of  the  pass  band  centered  at  £*>..  It  is  probable  that  a  useful 
approxination  could  be  obtained  by  using  a  napping  function  such  as  that 
in  Eq.  (10.10-2)  with  additional  factors  added  which  create  xeroa  in 
^(iii/fjj),  close  to,  but  sonewhat  off  of,  the  ju>  axis  (regarded  fron  the 
conplex- frequency  point  of  view  as  discussed  in  Secs.  2. '03  and  2.04). 

These  seros  could  then  be  located  to  extend  the  low-paaa  pass  band  upwarda 
toward  o>a,  which  should  give  the  proper  effect. 

The  slapping  in  Eqs.  (10.06-1)  through  (10.06-3)  was  found  to  predict 
the  responses  of  the  trial,  interdigital  filters  reasonably  well,  so  no 
further  study  was  aiade  of  napping  for  use  in  the  design  of  interdigital 
filters. 
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CHAPTER  11 


SPECIAL  PROCEDURES  TO  AID  IN  THE  PRACTICAL  DEVELOPMENT 
OF  COUPLED- RESONATOR  BAND- PASS  FILTERS, 
IMPEDANCE-MATCHING  NETWORKS,  AND  TIME- DELAY  NETWORKS 

SEC.  11.01,  INTRODUCTION 

The  preceding  three  chapters  have  dealt  with  design  information  of 
different  sorts  for  various  specific  types  of  band-pass  filters,  and  also 
with  general  theory  by  which  similar  design  information  can  be  prepared 
for  additional  types  of  band-pass  filters.  This  chapter  continues  the 
discussion  of  band-pass  filters  by  treating  various  general  techniques 
wh  ich  are  of  considerable  help  in  the  prectical  development  of  filters. 

That  is  to  say,  this  chapter  introduces  additional  information  of  help  in 
reducing  theory  to  practice. 

Sections  11.02  to  11.05  deal  with  laboratory  procedures  for  deter¬ 
mining  the  Q's  of  resonators,  for  adjusting  their  couplings  to  correspond 
to  the  couplings  called  for  by  the  theory,  and  for  the  tuning  adjustment 
of  completed  filters.  Sections  11.06  and  11.07  discuss  the  effects  of 
resonator  losses  and  present  special  design  information  for  applications 
where  minimizing  the  midband  loss  of  a  band-pass  filter  is  important. 
Sections  11.08  and  11.09  present  supplementary  information  to  aid  in  using 
the  filter  design  methods  of  Chapters  8  and  10  for  design  of  impedance- 
matching  networks,  and  Sec.  11.10  explains  how  these  same  procedures  can  be 
used  for  design  of  coupling  networks  for  negative-resistance  devices. 
Section  11.11  is  included  to  further  clarify  how  the  methods  of  Chapters  8 
to  10  can  be  used  for  the  design  of  band-pass  filter  networks  with  speci¬ 
fied  nominal  time  delay. 

SEC.  11.02,  MEASUREMENT  OF  Qm  ,  <?, ,  AND  QL  OF  A  SINGLY 
LOADED  RESONATOR 

Figure  11.02(a)  shows  a  resonator  with  impedance-inverter  couplings 
K j  and  ffj.  The  inverter  K t  is  open-circuited  on  its  right,  so  that  it  re¬ 
flects  a  short-circuit  at  its  left  side.  As  a  result,  the  circuit  in 
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(■) 


(k) 

*  >wr«or 


FIG.  11.02  1  TWO  EQUIVALENT  SINGLY 
LOADED  RESONATORS 


Fig.  11.02-l(a)  nay  ba  replaced  with  the  circuit  in  Fig.  1 1 . 02  -  1 ( b> . 

The  reaonator  ae  shown  has  a  reactance  slope  parameter  (Sec.  8.02)  of 

*  -  w#L  (11.02-1) 


and  an  unloaded  Q  of 


(11.02-2) 


The  inverter  Xj  reflects  an  impedance  of  ■  X{/W4  to  the  resonator 
which  gives  it  a  loaded  Q  of 
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(11.02-3) 


The  external  0  of  the  resonator  is  defined  as  the  Q  with  Rf  ■  0  (i.e.,  with 
•  ®) ,  so  that  the  resistive  loading  of  the  resonator  is  due  only  to  Ry. 
Thus,  the  external  Q  is 


Q. 


(11.02-4) 


Let  us  suppose  that  the  resonator  shown  in  Fig.  11.02-l(a),  and  its 
equivalent  forai  in  Fig.  11.02-l(b),  symbolise  a  resonator  which  with  its 
adjacent  coupling  discontinuities  forms  a  resonator  of  a  waveguide  filter 
such  as  that  in  Fig.  8.06-1,  or  forms  a  resonator  of  a  am el  1  -  aperture- 
coupled  cavity  filter  such  as  is  discussed  in  Sec.  8.07.  Let  us  further 
suppose  that  the  resonator  under  consideration  is  the  first  resonator  of 
the  filter  and  its  desired  external  Q  has  been  computed  by  Eq.  (6)  of 
Fig.  8.02-3.  The  problem  at  hand  then  is  to  make  measurements  on  the 
resonator  to  see  if  its  external  Q  is  as  required  by  the  calculations 
from  the  low-pass  prototype  element  values. 


Measurement  of  the  values  of 
Q. i  Ql.  and  of  a  singly  loaded 
resonator  can  be  made  by  use  of  a 
slotted  line  of  characteristic 
impedance  Z#  ■  RA,  along  with  pro¬ 
cedures  about  to  be  explained. 
Since  the  resonator  has  some  in¬ 
ternal  loss  represented  by  the 
resistor  A(  in  Fig.  11.02-1, 
the  VSWR  at  the  resonant  frequency 
/#  will  be  finite.  A  plot  of  the 
VSWR  in  the  vicinity  of  resonance 
will  have  a  shape  similar  to  that 
in  Fig.  11.02-2. 

If  in  Fig.  11. 02 -1(b) 

“A 

A. 

-  —  >  1  ,  (11.02-5) 

Ra 


FIG.  11.02-2  DEFINITION  OF 

PARAMETERS  OF  THE 
VSWR  CHARACTERISTIC 
FOR  A  SINGLY  LOADED 
RESONATOR 
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the  resonator  is  said  to  be  overcoupled.  This  condition  will  be  evidenced 
by  the  fact  that  the  locations  of  the  voltage  minima  on  the  slotted  line  at 
the  resonant  frequency  /„  (minimum  VSWR  frequency)  will  be  about  a  quarter- 
wavelength  away  from  their  locations  when  the  frequency  is  appreciably  off 
reaonance.'  When  this  condition  holds,  the  VSWR  at  resonance  is 

i/t  . 

(11.02-6) 

the  VSWR  at  resonance  is 

1  .  (11.02-7) 


Thia  aituation  will  be  evidenced  by  the  fact  that  the  voltage  minima  on 
the  slotted  line  will  be  in  approximately  the  same  positions  at  a  frequency 
appreciably  off  of  reaonance  as  they  are  at  the  resonant  frequency.4  If  at 
reaonance  the  VSWR  ia  V#  ■  1,  the  resonator  is  said  to  be  critically 
coupled. 

The  procedure  for  measuring  the  various  Q‘ a  of  a  resonator  is  then  to 
first  measure  the  cavity'a  VSWR  in  the  vicinity  of  resonance,  and  then  make 
a  plot  such  as  that  in  Fig.  11.02-2.  At  the  aarne  time,  by  noting  how  the 
voltage  minima  on  the  alotted  line  shift  as  the  frequency  deviates  from  the 
resonant  frequency  it  should  be  determined  whether  the  resonator  is  over¬ 
coupled,  or  undercoupled  (or  if  V,  ■  1  it  is  critically  coupled).  Then  by 
use  of  Fig.  11.02-3(a)  for  the  overcoupled  case,  or  Fig.  11.02-3(b)  for 
the  undercoupled  case,  a  parameter  AV  is  picked  from  the  chart  for  the 


1 


For  the  so-called  undercoupled  case, 


R 


*  This  tkat  tka  vidtk  of  tkc  ruoRanei  ia  quit*  aarrov,  so  tkat  tkaro  it  littlo  ckaago 

ia  tka  electrical  loagtk  of  tka  alottad  liaa  ovar  tka  fraqaaacy  raaga  of  iataraat.  Tka  akift 
ia  tka  voltage  aiaioa  raaalta  fro*  tka  raflactioa  coaffiaiaat  at  tka  iaput  coapliag  of  tka 
cavity  kaiag  180*  diffaraat  ia  pkaaa  at  raaoaaaca  froa  ita  pkaaa  wall  off  raaoaaaca. 

^  Tka  aaeeaptioaa  aaatioaad  ia  tka  iaaadiataly  pracadiag  footaota  also  apply  kara.  la  tkia 
aadareoaplad  caaa  tka  raflactioa  eaaffieiaat  batoaaa  tka  alottad  liaa  aad  tka  raaoaator  iapat 
coapliag  kaa  tha  aaaa  pkaaa  at  raaoaaaca,  aa  it  doaa  vail  off  of  raaoaaaca.  Aa  a  raaalt,  tka 
voltage  aiaiaa  will  aaaaaa  approaiaatal y  tka  aaaa  poaitioaa  oa  tka  alottad  liaa  at  tka 
raaoaaat  fraaaaacy  aa  tkay  will  at  fraqaaaciaa  vail  off  raaoaaaca,  providad  tka  fraqaaacy  kaa 
aot  kaaa  akixtad  ao  sack  aa  ta  greatly  ckaaga  tka  alactrical  laagtk  of  tka  alottad  liaa.  If  at 
tka  raaonaat  aad  off •raaoaaaca  fraqaaaciaa  tka  alactrical  diataaco  botwaaa  tka  raaoaator  aad  tka  ragioa  of 
iataraat  oa  tka  alottad  liaa  ckaagaa  appreciably  coop* rad  to  a  qaartar  wavalaagtk,  tkia  fact  akoald  be 
takaa  iato  accoaat  vkaa  datoraiaiag  vkatkar  a  raaoaator  ia  ovarcoaplad  or  aadareoaplad. 
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FIG.  11.02-3<o)  CHART  FOR  USE  IN  DETERMINING  Q,,  OF  AN 
OVER-COUPLED  RESONATOR 


FIG.  11.02-3(b)  CHART  FOR  USE  IN  DETERMINING  Qu 
OF  AN  UNDER-COUPLED  RESONATOR 


given  aidbsnd  VSWR  value  V#  and  for  the  value  of  N  ior  the  particular 
curve  choaen.  The  choice  of  N  ia  arbitrary,  but  it  ahould  be  choaen 
large  enough  ao  that  ■  V#  +  Ay  will  be  appreciably  different  from 
In  the  undercoupled  case  V#  and  Vq  are  sufficiently  different  when  N  ■  1 , 
ao  that  only  the  JV  ■  1  case  ia  shown  in  Fig.  11.02-3(b).* 

When  AV  has  been  chosen, 


Vc  •  F#  +  AV  (11.02-8) 

ia  computed.  Next,  as  indicated  in  Fig.  11.02-2,  the  bandwidth  A /  at  the 
points  where  the  VSWR  equals  i s  determined.  Then  the  unloaded  Q  of  the 
resonator  is  computed  by  the  formula 


(11.02-9) 


If  the  resonator  is  overcoupled,  then  the  external  Q  ia 

<?„ 

Q,  -  —  ,  (11.02-10) 

Ko 

and  the  loaded  Q  is 

‘  •  (li-02-lD 

If  the  resonator  is  undercoup  led,  then  the  external  Q  is 

Q,  •  «V?U  ,  (11.02-12) 

and  the  loaded  Q  is 

<?„»'* 

Ql  •  7— n  •  (11.02-13) 

*  Tka  aifalfiaaaaa  at  tka  aalaa  at  H  ia  aa  tallaaa.  Tka  kalt-paaar  paiat  far  tka  aalaaSaS  0  at 
a  raaaaatar  aaaara  akaa  tka  raaaaator  raactaaea  X  aqaala  tka  raaaaatar  raaiataaca  l(.  Tka 
aaraaa  ia  Fi|.  U.C).](i)  aarraapaa4  ta  tka  raaaaatar  raactaaaa  kaiaf  aqaal  la  I  *  M  .  Far 
H  ■  1,  A/  la  tka  kalt-paaar  kaaiaiitk.  Far  f  atkar  tkaa  aaa.  A/  •  t  tiaaa  (kalt-paaar 
kaa4«i4tk). 
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If  the  resonator  is  critically  coupled,  the  equations  for  both  the  over¬ 
coupled  and  the  undercoupled  cases  will  work. 

To  further  clarify  the  use  of  these  equations  and  charts,  suppose 
that  V0  ■  7  and  it  is  found  that  the  resonator  is  overcoupled.  In  order 
to  make  Vc  significantly  different  froa  ,  it  is  desirable  to  uae  the 
N  *  4  curve  in  Fig.  11.02*3(a),  and  this  value  of  N  should  be  used  in 
Eq.  (11.02-8).  If  F„  were  even  larger,  it  night  be  desirable  to  doubly 
load  the  resonator  as  described  in  the  next  section.  Alternatively, 
Measurements  can  be  nade  on  the  singly  loaded  resonator  by  using  the 
phase  method  described  by  Giniton. 1 

The  discussion  so  far  has  been  phrased  in  terms  of  series-type 
resonators  with  couplings  which  simulate  A-inverters.  The  same  analysis 
on  a  dual  basis  applies  to  shunt-type  resonators  (which  will  have  cou¬ 
plings  that  operate  like  J- inver tersl  As  far  as  the  laboratory  procedures 
and  the  calculation  of  Qm,  Qt ,  and  QL  froa  the  laboratory  data  are  con¬ 
cerned,  there  is  no  difference  whatsoever. 

The  methods  described  above  are  very  useful  in  determining  if  the 
couplings  from  the  end  resonators  of  a  filter  to  their  terminations  are 
correct.  After  the  external  Q  values  are  measured,  they  can  be  compared 
with  the  values  computed  from  the  lumped-element  prototype  elements  by 
uae  of  Eqs.  (6)  and  (7)  of  Fig.  8.02-3  or  8.02-4.  Equations  (6)  and  (7) 
of  Fig.  8.02-3  or  8.02-4,  along  with  the  laboratory  procedures  described 
in  this  section,  are  applicable  to  all  of  the  filter  types  discussed  in 
Chapter  8,  as  well  as  to  numerous  other  possible  forms  of  coupled- resonator 
filters.  By  these  procedures  the  end  couplings  can  be  checked  and  adjusted 
to  be  correct  to  give  a  filter  response  corresponding  to  that  of  the  low- 
pass  prototype.  The  procedures  of  this  section  are  also  useful  for  checking 
the  unloaded  Q  of  resonators  so  that  the  over-all  filter  pass-band  loss 
can  be  predicted. 

If  the  reactance  or  susceptsnce  slope  parameter  *  or  b  of  the  reso¬ 
nators  is  known,  this  same  procedure  can  be  used  for  checking  the  couplings 
of  all  of  the  resonators  of  a  filter.  If  a  resonator  with  ita  adjacent 
couplings  is  removed  from  a  filter  and  tested  under  singly  loaded  condi¬ 
tions  as  in  Fig.  ll,02-l(a),  then  it  is  easily  shown  that 
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(11.02-14) 


In  the  ceae  of  •  filter  with  ahunt-type  resonance  the  dual  equation 


J 


1 


G 


A 


(11.02-15) 


applies  where  GA  ia  the  generator  conductance,  J (  it  the  admittance- 
inverter  parameter,  and  ia  the  auaceptance  elope  parameter. 

As  an  example,  conaider  the  caae  of  filters  of  the  form  in  Fig.  8.05-1. 
By  Eq.  (8.13-16)  the  auaceptance  slope  parameter  of  these  resonators  ia 
*  (vt/2)1'0.  laking  CA  *  Ya,  Eq.  (11.02-15)  becomes 


(11.02-16) 


Thus,  by  measuring  the  Q  of  such  a  strip-line  resonator  connected  as  in 
Fig.  11.02-4,  it  is  possible  to  determine  the  J/Y0  value  associated  with 
a  given  site  of  capacitive 
coupling  gap.  Using  a  teat 
unit  such  as  that  shown  in 
F'ig.  11.02-4,  the  proper  cou¬ 
pling  gaps  to  give  the  J/Y9 
values  called-  for  by  Kqs.  (1) 
to  (3)  of  Fig.  8.05-1  can  be 
determined.  Analogous  pro¬ 
cedures  will,  of  course,  also  FIG.  11.02-4  A  POSSIBLE  ARRANGEMENT  FOR 

.  EXPERIMENTALLY  DETERMINING 

work  for  Other  types  of  THE  RESONATOR  COUPLING  GAPS 

filters.  FOR  A  STRIP-LINE  FILTER  OF  THE 

FORM  IN  FIG.  8.05-1 


TO  SLOTTED 
LINE 


RESONATON  BAR 


CAPACITIVE -GAR 
COUPLING 


The  procedures  described 
above  concern  themselves  pri¬ 
marily  with  experimentally 

adjusting  the  resonator  couplings  to  the  proper  values.  Ihe  matter  of 
obtaining  the  exactly  correct  resonant  frequency  will  be  treated  in 
Sec.  11.05.  Fortunately,  tuning  adjustments  on  resonators  in  typical 
cases  has  little  effect  on  their  couplings.  The  procedures  ot  this 
section  are  most  accurate  when  the  Q‘ s  involved  are  relatively  large. 
However,  in  some  cases  they  can  be  helpful  even  when  quite  low  Q' s  are 
involved  (such  as,  say,  20  or  so). 
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SEC.  11.03,  TESTS  ON  SINGLE  RESONATORS  WITH  LOADING 
AT  BOTH  ENDS 

In  some  cases  there  i«  considerable  advantage  in  testing  e  resonator 
under  doubly  loaded  conditions  as  shown  in  Fig.  11.03*1,  rather  than  under 
singly  loaded  conditions  as  shown  in  Fig.  1 1 . 02 -1(a).  The  VSWRs  to  be 

measured  will  usually  not  be 
as  high,  and  in  some  cases 
the  resonant  frequency  of  a 
single  resonator  will  be  ex* 
actly  the  aame  under  doubly 
loaded  conditions  as  it  will 
be  in  a  multiple-resonator 
filter.  Thus,  in  such  cases, 
both  the  couplings  and  the 
resonant  frequency  of  reso¬ 
nators  for  a  multiple-resonator 
filter  can  be  checked  by  this 
procedure.  The  details  concerning  tuning  will  be  discussed  in  Sec.  11.05. 

In  order  to  check  couplings  other  than  the  end  couplings  of  a  filter,  it 
is  necessary  with  this  procedure  to  know  the  resonator  slope  parameters. 

With  respect  to  Fig.  11.03-1,  the  external  Q,  (Qt)j,  will  be  defined 
as  the  Q  when  the  circuit  is  loaded  only  by  RA  on  the  left  (i.e.,  fl4  on 
the  right  is  removed  so  as  to  leave  an  open  circuit,  and  A(  ■  0).  Simi¬ 
larly,  (Q,)j  is  the  external  Q  when  the  circuit  is  laded  only  by  RA  on 
the  right.  Note  that  if  A,  and  K1  are  different,  (Qf  )  (  and  ((?t)2  will 
be  different.  The  unloaded  Q,  Qu,  of  the  resonator  is  its  Q  when  both 
of  the  Ra  terminations  on  the  left  and  right  are  removed,  and  the  reso¬ 
nator's  only  resistive  loading  is  that  due  to  i'B  internal  loss  (repre¬ 
sented  by  in  Fig.  11.03-1). 

The  loaded  Q,  QL ,  of  the  doubly  loaded  resont  .or  is 


n.  l  c 


.  . 

A- 


FIG.  11.03-1  A  DOUBLY  LOADED  SINGLE 
RESONATOR 


«l  •  — - j—  (11.03-1) 

*  wjT 

f  o 

3  4b 

*56 


(11.03-2) 


where  /,  is  the  reeonent  frequency  of  the  reeonetor  end  (A/#)ja  ie  here 
the  bendwidth  for  which  the  attenuation  for  trananiaaion  through  the 
resonator  is  up  3  db  from  that  at  reaonance. 

The  attenuation  through  the  resonator  at  resonance  is 


10  l°gl* 


W.)  ,«?.>, 


(11.03-3) 


The  definitions  of  (Qt ) ^ ,  (Qt )  ,  Qa,  and  QL  Mentioned  above  apply 
analogously  to  any  resonator  regardless  of  whether  it  is  of  the  series- 
or  shunt- resonance  type.  Equations  (11.03-1)  to  (11.03-3)  also  apply 
regardless  of  the  form  of  the  resonator. 

It  ia  possible  to  check  the  couplings  of  a  resonator  by  conputing 
theoretical  values  for  QL  and  (Z.^  )#  end  then  by  attenuation  neasureeents 
compare  the  aieaaured  and  computed  (A/)lik  [which  by  Eq.  (11.03-2)  gives 

Q,] ,  and  (L. )  .  However,  usually  VSWR  Measurements  are  easier. 

*  • 

If  the  meaaurcMent  procedures  of  Sec.  11.02  are  applied  by  Making 
VSWR  Measurements  at  the  left  side  in  Fig.  11.03-1,  (Qf)^  can  be  deter- 
Mined  along  with  an  apparent  unloaded  Q  which  is  equal  to 


«?_>. 


_1_  1 


(11.03-4) 


Similarly,  if  VSWR  tests  are  Made  from  the  right  side  in  Fig.  11.03-1, 
(Qt )  and  an  apparent  unloaded  Q 


Q.  «?.), 


(11.03-5) 


are  obtained.  The  VSWR  seen  from  the  left  at  resonance  will  be 


€57 


(11.03-6) 


<v, 


1 

Q. 

°r  (F.l 

♦  «?.), 

cast 

»»4«r es«r 1*4 

cat* 

1  seen  froa  the  right  at  resonance 

win 

be 

,  1 

<?. 

L . .  °r  (V.) 

<?. 

+  «?.)| 

Ill* 

(11.03-7) 


Since  (Qt)  and  (Q,)  are  obtained  directly  froa  the  aeaaureaenta  aa  de¬ 
scribed  above, it  is  possible  to  coapute  Qm  by  use  of  Cq.  (11.03-6)  or 
(11.03-7).  However,  using  single  loading  as  described  in  Sec.  11.02  will 
usually  give  better  accuracy  for  that  purpose.  If  Qa  is  known  to  be  large 
coapared  to  (Q# )  and  (<?# )  ,  it  will  be  convenient  to  aeaaure,  aay,  (Qc){ 
and  then  coapute  (Q#)^  froa  Eq.  (11.03-6)  using  »  a>. 


TO  ItOTTCO  MSONATOR  4  TO  LOAD 

um  or  AOMITTANCC 

*0 


F IG.  11 .03-2  AN  ARRANGEMENT  FOR  TESTS  ON 
A  STRIP-LINE  RESONATOR  USING 
LOADING  AT  BOTH  ENOS 


Figure  11.03-2  shows  how  a  resonator  from  a  filter  such  as  that  in 

Fig.  8.05-1  can  be  tested  using  the  procedure  described  above.  The 

resonator  shown  is  assumed  to  be  Resonator  4,  of  a,  say,  six-resonator 

filter,  and  it  ia  desired  to  see  if  the  capacitive  gapa  A,4  and  are 

correct  to  correspond  to  the  Jit/Y9  and  Jii/Y9  values  coaputed  by  Eq.  (2) 

of  Fig.  8.05-1.  By  measurements  as  described  above,  external  Q*  a  (Q,)^ 

and  (Q  )  for  loading  at  the  left  and  right  ends,  respectively,  of  the 
II 
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resonator  set  up  in  Fig.  11.03*2  are  obtained,  and  than  the 
corresponding  values  of  JJ4/K#  and  can  be  computed  by  use  of 

Kq.  (11.02*16)  in  the  form* 


1 [uQ, 


If  the  v  slues  are  incorrect,  the  gap  apacings  can  be  altered 

to  produce  the  correct  values.  The  resonator  in  Fig.  11.03*2  would 
have  exactly  the  smite  resonant  frequency  when  operated  as  shown  as  it  would 
when  operated  in  a  mu 1 1 i p 1 e- resona tor  f  i  I  ter  as  shown  in  Fig.  8. OS-1.  For 
that  reason,  after  the  resonant  frequency  of  the  resonator  has  been 
checked  with  the  proper  coupling  gaps,  the  length  of  the  resonator  bar 
can  be  corrected  if  necessary  to  give  the  desired  resonant  frequency. 

(See  Sec.  11.05  for  discussion  of  tuning  corrections  for  other  types  of 
fi  Iters. ) 

This  procedure  is  particularly  handy  for  the  bar*atrip*line  resonators 
discussed  in  Sec.  8. OS,  because  the  individual  resonators  can  be  easily 
tested  separately  and  then  later  inserted  together  in  the  complete 
multiple-resonator  filter.  In  cases  such  as  the  analogous  waveguide 
filters  in  Sec.  8.06,  it  may  be  desirable  to  build  a  test  resonator  with 
the  coupling  iriaes  mounted  in  waveguide  coupling  flanges,  In  this 
way  the  iriaes  being  checked  can  easily  be  removed  and  their  dimensions 
altered  as  indicated  by  the  tests. 


SEC.  11.04,  TESTS  ON  SYMMETRICAL  PAIRS  OF  RESONATORS! 

Most  microwave  fillers  are  symmetrical.  Then,  for  each  resonator 
with  given  couplings  at  one  end  of  the  filter  there  is  another  identical 
resonator  with  identical  couplings  at  the  other  end  of  the  filter.  It 
is  often  feasible  to  check  the  couplings  within  a  filter  (and  sonetinea 
also  to  check  t'-e  tuning  of  the  resonators  precisely)  by  disassembling 
the  filter  ,  connecting  the  pairs  of  identical  resonators  together,  and 
teating  them  a  pair  at  a  time.  A  special  advantage  of  this  procedure 


km  indicated  in  Sac.  11-02,  tbia  aquation  ia  baaed  on  tba  reauaalor  elope  paraaatera  being 
U  *  (tr/2)  7q  aa  ia  tba  case  for  filtara  of  tba  form  diacuaaad  ia  Sac.  I.OS* 

f  Diabal  baa  diacuaaad  a  aiailar  two- resonator  taebaique  ia  aoaewbat  different  teraa.  Saa  Ref,  2* 
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over  the  procedures  described  in  Sees.  11.02  end  11. 03  is  thet  the  coefficient 
of  coupling  k  fcesEqs.  (8)  of  Fig.  8.02*3  end  8.02*4]  for  the  coupling  between 
resonators  con  be  determined  without  specific  knowledge  of  the  slope 
parameters  of  the  resonators.  (See  discussion  in  Sec.  11.02.)  Also, 
in  aost  esses,  two  sharp  points  of  good  transmission  will  be  obtained, 
so  that  fewer  acesuraaenta  are  required  ip  order  to  get  the  desired 
inforaetion. 

As  an  exsapie,  consider  the  syaaetricsl  pair  of  cavity  resonators 
shown  in  Fig.  11.04*1.  In  the  discussion  to  follow,  Qa  is  the  unloaded 
Q  of  either  of  the  resonators  by  itself,  Qt  is  the  external  Q  of  either 
one  of  the  resonators  loaded  by  its  adjacent  teraination  (with  0,  equaL 
to  infinity),  and  k  is  the  coefficient  of  coupling  between  the  two 
resonators. 

Cohn  and  Shiaisu*  have  shown  that  the  attenuation  of  a  syaaetrical 

_  • 
pair  of  resonators  i  . 


FIG.  11.04-1  SYMMETRICAL  PAIR  OF  CAVITY  RESONATORS 
WITH  LOOP  COUPLINGS 


*Aa  ia  ky  Ua  aaa  a(  a  ■  (/  *  fa)/fB  ••  a  Jrapaaay  variable,  tkia  ayaatiaa  Uvelvee 

apyraaiaatlaaa  abiak  art  aaat  aa«<aratevfervaerm*ba*4  aaaaa. 
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where 


.  /  ”  f  o 

u  ■  - 

f  o 

f  ■  frequency 
/ g  ■  nidband  frequency 

At  Midbend  the  attenuation  ia  aeen  to  be 


db 


(11.04-2) 


(11.04-3) 


ia  aatiafied  the  reaponae  will  have  a  huwp  in  the  Middle  aa  ahown  in 
Fig.  11.04-2,  and  the  reaonatora  are  aaid  to  be  overcoupled.  If 


the  reaonatora  are  aaid  to  be  cri t ical ly  coupled,  while  if 


(11.04-4) 


Ml 


(11.04-5) 


FIG.  11.04-2  TYPICAL  RESPONSE  OF  AN 

"OVERCOUPLED"  SYMMETRICAL 
PAIR  OF  RESONATORS 


the  resonators  srs  said  to  bs 
undircoupled.  In  the  critically 
coupled  end  undercoupled  cases 
the  response  has  no  hump  in  the 
middle,  end  the  midbsnd  loss 
increases  as  the  resonators 
become  more  undercoupled.  It 
should  be  noted  that  this  use 
of  the  terms  overcoupled, 
critically  coupled,  and  under- 
coupled  is  entirely  different 
from  the  use  of  these  terms  in 
discussing  single  resonators 
(see  Sec.  11.02). 


A  possible  way  of  making  tests  on  a  pair  of  resonators  such  as  those 
in  Fig.  11.04-1  is  to  first  make  single-resonator  tests  on,  say,  the 
resonator  on  the  left  using  the  methods  of  Sec.  11.02,  with  the  resonator 
on  the  right  grossly  mistuned  by  running  its  tuning  screw  well  in.  This 
would  make  the  second  resonator  have  negligible  effect  on  the  resonance 
of  the  first  resonator.  From  these  tests,  values  for  Qt  and  Qt  can 
be  obtained.  Then,  if  the  resonators  are  tuned  to  the  same  frequency 
(see  Sec.  11.05)  and  the  midbsnd  attenuation  (L4)0  is  messursd,  the 
coupling  coefficient  k  can  be  obtained  by  solving  Eq.  (11.04-2)  for  k. 

In  most  cases  when  testing  pairs  of  resonators  from  a  multipla- 
resonator  filter,  the  response  will  be  greatly  overcoupled.  In  such 
cases,  rather  than  maaaure  (L4)0,  it  may  be  more  convenient  to  measure 
the  frequencies  /(  and  /,  in  Fig.  11.04-2  by  finding  the  points  of 
minimum  VSWR.  Then  it  can  be  shown  that 


where 
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Not*  that  if  Qt  and  Qt  ara  both  aiaaabla  compared  to  1/w^,  rather 
large  percentage  error*  in  Q,  or  in  Qa  will  cauae  little  error  in  k. 

The  strip-line  impedance-  and  admittance-inverter  data  in 
Figa.  8 . OS- 3(a),  (b),  (c),  and  8 . 08- 2(a)  to  8.08*4(b)  were  obtained  by 
laboratory  teat*  uaing  aymnetrical,  two-resonator  teat  aectiona  with 
adjuatable  coupling  diacontinuitiea  between  reaonatora.  The  coupling* 
at  the  end*  were  held  fixed  and  were  made  to  be  quite  looae  ao  that 
Q,  would  be  quite  large  and  ao  that  the  reaponae  would  be  greatly 
overcoupled  (which  made  the  low-VSWR  point*  at  /,  and  fk  in  Fig.  11.04-2 
very  aharp  and  diatinct).  After  the  coupling  coefficient  between 
reaonatora  had  been  determined  uaing  the  procedure*  deacribed  above,  it 
waa  poaaible  to  determine  the  inverter  parameter*  aince 


k 

I . 
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or 
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aa  waa  diacuaaed  in  Sec.  6.02,  and  aincr  the  reaonator  alope  parameter* 

in  thia  caae  are  t.  •  d(/r/4)F#  or  »  d(rr/4)Z0,  where  d  ia  an  integer 

equal  to  the  nominal  number  of  quarter-wavelength*  in  the  reaonatora 
(aee  Sec.  8. 14). 

Note  that  determining  the  inverter  parameter*  from  the  coupling 
coefficient*  require*  knowledge  of  the  reaonator  alope  parameter*.  The 
inverter  deacription  of  a  coupling  ia  uaually  more  uaeful  for  purpoaea 
of  analyaia  becauae  specification  of  the  inverter  parameter  give*  more 
information  than  doea  specification  of  a  coupling  coefficient.  However, 
fixing  the  coupling  coefficient*  k.  ^  between  resonators  and  the 
external  Q* a  of  the  reaonatora  at  the  enda  of  a  filter  as  called  for 
by  Eqs.  (6)  and  (8)  of  Fig.  8.02-3  or  8.02-4  is  adequate  to  fix  the 
response  of  the  filter  as  prescribed  (i.e«,  at  least  if  the  filter  is 
of  narrow  or  moderate  bandwidth,  and  if  the  resonators  are  all  properly 

tuned  to  the  aame  frequency).  Thus,  the  procedures  of  this  section 

along  with  those  of  Sec.  11.02  are  sufficient  to  properly  adjust  the 
the  couplings  of  a  filter  of  narrow  or  moderate  bandwidth,  even  though 
the  resonators  may  be  of  some  arbitrary  form  for  which  the  reaonator 
slope  parameters  are  unknown.  If  the  filter  is  of  such  a  form  that 
the  resonators  can  easily  be  removed,  it  may  be  convenient  to  remove 
the  resonators  two  at  a  time  and  test  pairs  of  identical  resonators 
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(aasuaing  that  the  filter  ia  syaaetricsl).  If  the  resonators  are  not 
easily  raaoved,  it  aay  be  desirable  to  construct  a  aeparate,  syaaetricsl, 
two-resonator  teat  filter  designed  ao  that  the  couplings  can  aaaily  ba 
altered.  Thia  teat  filter  can  then  be  uaed  to  check  out  the  designs 
of  all  of  the  couplinga. 

SEC.  11. OS.  TUNING  OF  MULTIPLE- RESONATOR  BAND-PASS  FILTERS 

The  word  tuning  aa  uaed  herein  refera  to  the  proceaa  of  adjuating 
all  of  the  resonators  to  resonate  at  the  aaae  aidband  frequency  o>#. 

In  general,  synchronously  tuned  band-pass  filters  (of  the  sorts 
discussed  in  Chapters  8,  9.  end  10)  which  are  properly  tuned  will  have 
a  response  that  is  syaaetricsl  about  the  aidband  frequency  o>0,  except 
for  soae  possible  skew  as  a  result  of  the  variation  of  the  couplings 
with  frequency  [see,  for  exaaple,  the  responae  in  Fig.  8.08*5(b)]. 

In  contrast,  if  a  band-paas  filter  of  this  type  has  the  resonators  all 
properly  tuned,  but  the  couplings  are  not  correct,  the  responae  will 
be  nearly  syaaetricsl,  but  it  will  otherwise  have  an  iaproper  shape 
(for  exaaple,  pass-band  ripples  of  the  wrong  site,  or  iaproper 
bandwidth) . 

Alternating  Short-Circuit  and  Open-Circuit  Procedure— A  procedure 
which  is  frequently  very  useful  for  tuning  synchronously  tuned  filters 
can  be  understood  with  the  aid  of  Fig.  11.05-1.  This  figure  shows  a 


FIG.  11.05-1  A  THREE-RESONATOR  BAND-PASS  FILTER 

The  switches  ore  used  to  open-circuit  the  series  resonators 
and  to  short-circuit  the  shunt  resonator  during  the  tuning 
process 
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band-paaa  filter  having  two  aeries  and  one  ahunt  reaonator,  and  switches 
are  provided  to  open-circuit  the  seriea  reaonatora  and  to  short-circuit 
the  shunt  resonator.  To  start  with,  the  aeries  reaonatora  are  open- 
circuited  by  opening  switches  Sj  and  while  the  shunt  resonator  is 
short-circuited  by  closing  <S2.  Then  the  adaiittance  Fi#  will  be  zero. 

Next,  a  signal  at  the  desired  midband  frequency  a)#  is  applied, 
switch  -Sj  is  closed,  and  Resonator  1  is  tuned.  Since  Resonator  2  is 
still  short-circuited,  Resonator  1  will  be  tuned  when  Y.  ■  ®,  After 
Hesonator  1  has  been  tuned  it  will  present  zero  reactance  and  Resonator  2 
ran  be  tuned  by  opening  6'2  and  tuning  Resonator  2  until  Fin  •  0  (which 
occurs  since  is  still  open).  Next,  Resonator  3  is  tuned  (with  Sg 
still  closed  to  short-circuit  the  load)  until  Fia  *  t3j.  Then  is 
opened  and  the  tuning  process  is  complete. 

Note  that  in  t.;e  abcve  process  the  series  resonators  isre  tuned  to 
yield  a  short-circuit  at  the  input  while  the  shunt  resonators  were  tuned 
to  yield  an  open-circuit  at  the  inpu-. 

Now  let  ua  consider  the  entirely  equivalent  filter  in  Fig.  11.05-2 
which  uses  only  shunt  resonators  separated  by  J-inverters.  If  the 
J-inverters  are  frequency  invariant,  this  filter  can  have  exactly  the 
same  Yt  and  transmission  characteristic  as  the  filter  in  Fig.  11.05-1. 
However,  since  the  resonators  are  in  this  case  all  in  shunt,  the  tuning 
process  ia  started  with  all  of  the  resonators  and  the  load  on  the  right 
short-circuited.  The  tuning  process  then  goes  much  the  same  as  before 
and  can  be  stated  in  general  as  follows: 


«• 


FIG.  11.05-2  DIRECT-COUPLED  BAND-PASS  FILTER  WITH  SHUNT 
RESONATORS 

Thw  J-invortart  r  wpraiwnf  tha  couplings 
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(1)  All  of  the  shunt-reaonators  are  ahort-circuited  and  an  open- 
circuit  ia  obaerved  at  the  input  (i.e.,  Yi%  ■  0). 

(2)  The  ahort-circuit  ia  reaoved  froa  Reaonator  1,  which  ia  then 
tuned  until  a  ehort-circuit  ia  obaerved  at  the  input  at 
frequency 

(3)  The  ahort-circuit  ia  removed  froa  Reaonator  2,  which  ia  then 
adjuated  until  an  open-circuit  ia  obaerved  at  the  input  at 
frequency  w#. 

(4)  Thia  proceaa  ia  repeated,  tuning  alternately  for  a  ahort-circuit 
at  the  input  when  tuning  one  reaonator,  and  for  an  open-circuit 
at  the  input  when  tuning  the  next.  After  the  laat  reaonator 

ia  tuned,  the  ahort-circuit  ia  reaioved  from  the  output. 

If  the  filter  uaea  aeriea  reaonatora  and  K-invertera,  the  procedure  ia 
eaaentially  the  same,  except  that  all  of  the  reaonatora  muat  be  open- 
circuited  to  atart  with,  and  for  thia  condition  the  input  will  appear  aa 
a  ahort-circuit. 

Aa  an  example  of  how  thia  procedure  appliea  to  microwave  filtera,  let 
ua  conaider  capacitively  coupled  atrip-line  filtera  of  the  form  diacuaaed 
in  Sec.  8.05.  Tuning  acrewa  are  added  aa  ahown  in  Fig.  11.05-3.  To 
atart  the  tuning  proceaa,  the  acrewa  are  acrewed  in  all  the  way  to 
ahort-out  the  reaonatora  and  the  output  line.  The  filter  ia  connected 
to  a  alotted  line  and  the  poaition  of  a  voltage  minimum  for  frequency  w# 
ia  obaerved.  Then  the  acrewa  on  the  firat  reaonator  are  backed-out  and 
adjuated  until  the  voltage  minimum  on  the  slotted  line  movea  exactly  a 
quarter  wavelength.  Next  the  aecond  reaonator  ia  tuned  to  bring  the 
minimum  back  to  ita  original  poaition.  As  conaecutive  reaonatora  are 
tuned,  the  voltage  minimum  continues  to  move  back  and  forth  between  the 
two  points  separated  by  \Q/4. 
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FIG.  11.05-3  A  CAPACITIVELY  COUPLED  STRIP-LINE  FILTER 
WITH  TUNING  SCREWS 


In  the  caae  of  the  waveguide  filters  in  Sec.  8.06»  which  have 
resonators  with  aeries-type  resonsncea  and  K-invertera,  the  procedure 
ia  essentially  the  same  except  for  that  the  tuning  screws  are  located 
in  the  middle  of  the  X/2  resonators  instead  of  at  the  enda.  (This 
reflects  an  open-circuit  to  the  K-inverters  when  the  screws  are  all  the 
way  in.)  Also,  the  screw  on  the  output  should  be  placed  a  quarter- 
wavelength  away  from  the  output  iris. 

In  practical  situations,  the  accuracy  of  the  procedure  described 
above  depends  very  much  on  how  close  the  idealised  circuit  in 
Fig.  11. OS-2  (or  its  dual)  is  approximated.  That  is,  in  Fig.  11.05-2 
short-circuiting  a  resonator  will  also  apply  a  short-circuit  directly 
across  the  terminals  of  the  adjacent  ./-inverters.  However,  in  the 
circuit  in  Fig.  11.05-3,  the  inverters  are  of  the  form  in  Fig.  8. 03-2(d). 
These  inverters  include  a  negative  length  of  line  which  in  the  actual 
filter  structure  is  absorbed  into  adjacent  positive  line  length  of 
the  same  impedance.  For  this  reason,  the  actual  terminals  of  the 
inverter  are  not  physically  accessible,  and  the  tuning  screws  cannot 
short-out  the  resonators  at  the  exactly  correct  spot  for  perfect  tuning. 
For  narrow-band  filters,  however,  the  coupling  susceptances  will  be 
very  small,  the  negative  length  of  line  in  the  inverter  will  be  very 
short,  and  the  exact  locations  of  the  short-circuits  on  the  resonator 
bars  will  not  be  critical.  In  auch  cases,  the  above  tuning  procedure 
works  well.  Similar  considerations  arise  in  tuning  other  types  of 
direct-coupled  filters. 

In  direct-coupled  filters,  the  resonators  that  are  most  likely  to 
give  trouble  when  using  this  procedure  are  the  first  and  last  resonator, 
since  their  couplings  generally  differ  more  radically  from  those  of  the 
other  resonators.  Thus,  if  the  bandwidth  of  the  filter  is,  say,  around 
10  percent  and  this  tuning  procedure  does  not  yield  a  suitably  symmetrical 
response,  it  may  he  possible  to  correct  this  by  experimental  adjustment 
of  the  tuning  of  the  end  resonators  alone.  This  is  often  quite  easy 
to  do  if  a  sweeping  signal  generator  is  available. 

Tuning  of  Resonators  Singly  or  in  Pairs — For  precision  tuning  of 
filters  having  more  than  around  10-percent  bandwidth,  the  best  method 
appears  to  be  to  test  end  adjust  the  resonators  individually  or  in 
identical  pairs  as  was  discussed  in  Secs.  11.03  and  11.04.  Even  with 
such  procedures,  however,  difficulties  can  occur  if  the  resonator 
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couplings  are  at  all  tight.  Filters  such  as  those  in  Secs.  8.11,  and 
8.12  which  use  lumped-element  couplings  representable  by  the  inverters 
in  Fig.  8 . 03 -1(a)  and  8.03-2(b),  will  tune  somewhat  differently  when 
connected  to  another  resonator  then  they  will  when  connected  to  resistor  terminations. 
In  the  caae  of  lumped-element  shunt  resonators  with  series-capacitance 
couplings,  the  coupling  capacitors  may  be  regarded  as  being  part  of 
inverters  of  the  form  in  Fig.  8.03-2(b).  In  such  cases  the  negative 
capacitance  of  the 'inverter  can  be  abaorbed  into  the  shunt  capacitances 
of  the  adjacent  resonators;  but  when  coupling  a  reaonator  to  a  resistor 
termination,  the  negative  shunt  capacitance  next  to  the  resistor  cannot 
be  absorbed.  For  this  reason  the  tuning  effect  due  to  capacitor  coupling  between 
two  lumped-element  shunt  resonators  is  different  from  that  between  a 
reaonator  and  a  resistor.  These  matters  were  previously  discussed  with 
regard  to  Eqs.  (8.14-32)  to  (8.14-34).  If  the  couplings  are  relatively 
tight,  a  correction  can  be  applied  by  tuning  the  individual  resonators  (when  tested 
individually  while  connected  to  resistor  terminations)  to  a  slightly 
different  frequency  calculated  by  use  of  the  principles  discussed  in 
connection  with  Eqs.  (8.14-32)  and  (8.14-34).  If  the  couplings  are  rel¬ 
atively  loose  (case  of  narrow  bandwidth)  the  correction  required  will 
be  small,  and  possibly  negligible. 

In  the  cases  of  the  filter  types  in  Figs.  8. OS-1,  8.06-1,  8.07-3, 
8.08-1,  and  8.10-3,  the  difficulty  described  in  the  immediately 
preceding  paragraph  does  not  occur.  Thr«.  filters  all  consist  of 
uniform  transmission  liner  with  appropriately  spaced  discontinuities. 

The  inverters  in  these  cases  are  of  the  forms  in  Figs.  8.03-l(c), 
8.03-2(d),  or  8.03-3-  The  negative  line  lengths  <f>  involved  in  these 
inverters  are  of  the  same  characteristic  impedance  as  the  resonator 
lines  and  the  termination  transmission  lines.  Thus,  these  lines  can 
be  absorbed  equally  well  into  the  resonators  or  into  the  matched 
terminating  lines,  and  if  a  resonator  of  characteriatic  impedance  Z# 
ia  removed  from  the  interior  of  a  multiple- resonator  filter  and  tested 
between  matched  terminating  lines  of  the  same  characteristic  impedance 
Z0,  there  will  be  no  tuning  error  regardless  of  whether  the  couplings 
are  loose  or  tight.  For  example,  the  tuning  of  the  resonators  of 
filters  of  the  form  in  Fig.  8.05-4(a)  can  be  checked  by  testing  each 
resonator  individually  as  shown  in  Fig.  11.03-2,  using  exactly  the  same 
coupling  gaps  at  each  end  as  will  be  used  when  each  resonator  is 
installed  in  the  multiple-resonator  filter.  The  resonators  in  the  filter 
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iii  Fig.  8.0S*4(a)  were  actually  tested  in  symmetrical  pairs  as  discussed 
in  Sec.  11.04.  blither  the  single-  or  double- resonator  procedure  gives 
high  accuracy.  After  the  resonators  were  tested,  the  lengths  of  the 
bars  were  corrected  to  give  precisely  the  desired  tuning  frequency. 

Using  this  procedure,  no  tuning  screws  are  required,  and  in  many  cases 
the  tolerances  required  are  reasonable  enough  that  it  should  be 
prsctical  to  masa-produce  additional  filters  of  the  same  design  without 
sny  tuning  screws  or  adjustments. 

Narrow-band  parallel-coupled  filters  of  the  form  in  Fig.  8.09-1  can 
be  tuned  using  the  slotted-line  procedure  described  with  reference  to 
Fig.  11.05*2.  Figure  11:05-4  shows  suggested  locations  for  the  tuning 
screws  for  paral  lei -coupled  filters.  The  screws  on  the  output  line 
section  n,n+l  should  be  backed-out  flush  with  the  ground  planes  after 
Resonator  n  has  been  tuned.  It  should  ususlly  not  be  necessary  to  tune 
relatively  wide-band  filters  qf  this  sort,  since  the  accuracy  of  the 
synchronous  tuning  becomes  less  critical  as  the  bandwidth  becomes 
greater.and  this  type  of  filter  tends  to  be  relatively  free  of'errors 
in  tuning  of  any  one  resonator  with  respect  to  the  others.  If  the  pass 
band  is  not  centered  at  the  correct  frequency,  the  lengths  of  all  the 
resonators  should  he  altered  by  a  fixed  amount  computed  to  give  the 
desired  shift  in  pass-band  center  frequency. 
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FIG.  11.05-4  ARRANGEMENT  OF  SCREWS  FOR  TUNING  OF  A  NARROW- 
BAND  PARALLEL-COUPLED  FILTER 
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Sec.  11. 06.  CALCULATION  OK  THE  MIDBAND  DISSIPATION 
LOSS  OF  BAND-PASS  FILTERS 


The  information  neceeaery  for  computing  the  midband  lose  of  band-paaa 
filters  wet  previously  presented  in  Sec.  4.13.  but  sn  example  in  this 
chapter  may  be  desirable.  Let  us  suppose  that  a  10-percent-bandwidth, 
six-resonator,  band-pass  filter  with  a  0. 10-db-r ipple  Tchebyacheff 
response  is  desired,  and  it  is  estimated  that  the  resonator  Q' s  will  be 
about  1000  for  the  type  of  construction  which  is  proposed.  An  estimate 
of  the  midband  attenuation  due  to  dissipation  loss  in  the  filter  is 
desired.  For  this  case,  Fig.  4.13-2  is  convenient,  end  from  it  for 
n  ■  6  end  0. 10-db  Tchebyacheff  ripple  we  obtain  C(  ■  4.3.  By  Eq.  (4.13-2) 
the  corresponding  Q  of  the  elements  in  the  analogous  low-pass  prototype 
filter  at  the  low-pass  cutoff  frequency  wj  is 

Q  -  ■  (0.10)  (1000)  -  100 

where  w  is  the  band-paaa  filter  fractional  bandwidth;  here  Qlf  ■  Qa 
indicates  the  unloaded  Q  of  the  resonators  of  the  band-pass  filter. 

Then  by  Eq.  (4.13-3)  the  dissipation  factor  is 


d  • 


_1_ 

100 


0.01 


where,  for  the  data  in  Fig.  4.13-2,  the  prototypes  have  been  normalised 
so  that  *  1.  Then  by  Eq.  (4.  13-8)  the  increase  in  attenuation  at 
midband  as  a  result  of  dissipation  loss  will  be  approximately 


(&,)„  -  8.6860^  -  8. 686(4.3X0.01)  •  0.37  db. 

As  was  discussed  in  Sec.  4.13,  the  attenuation  due  to  dissipation  at  the 
pass-band  edge  frequencies  can  be  expected  to  be  around  two  to  three 
times  this  amount,  or  from  around  0.74  to  1.1  db. 

It  should  be  noted  that  it  is  sometimes  useful  to  make  the  above 
calculations  in  the  reverse  sequence  in  order  to  estimate  the  unloaded 
Q' s  of  the  resonators  of  a  band-pass  filter  from  the  measured  increase 
in  filter  midhand  attenuation  resulting  from  dissipation  loss. 
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From  Sec.  4-13  we  obtain 


Q 


M 


<?.l 


8.686Co>; 


(11.06-1) 


Estimates  of  the  unloaded  Q  values  to  use  in  computing  band-pass 
filter  attenuation  can  be  obtained  in  a  number  of  ways.  One  is  to  use  data 
obtained  by  computing  froa  the  measured  midband  loss  of  existing  filters 
as  suggested  in  the  preceding  paragraph.  Another  is  to  make  laboratory 
teats  on  a  resonator  of  the  type  to  be  used  —  utilizing  the  techniques 
described  in  Sec  11.02  to  determine  the  unloaded  Q.  Another  is  to 
compute  the  unloaded  Q  by  use  of  the  information  given  in  Chapter  5  for 
coaxial-line,  atrip-line,  and  waveguide  structures.  It  should  be 
remembered,  however,  that  the  values  of  Q  which  are  theoretically 
possible  are  rarely  achieved  in  practice.  This  ia  due  to  surface 
roughness  of  the  metal,  corrosion,  and  due  to  additional  losses  in  the 
coupling  elements  which  are  difficult  to  accurately  predict.  In  some 
strip-line  filter  structures,  the  Q’ s  realized  are  typically  about 
half  of  the  theoretical  value.  In  the  case  of  waveguide  filters,  the 
agreement  between  theory  and  practice  appears  to  be  somewhat  better, 
but  in  general  some  allowance  should  be  made  for  the  fact  that  the 
Q' a  in  typical  operating  filters  will  be  less  than  the  theoretical  optimum. 


Some  further  matters  involving  filter  dissipation  loss  will  be 
treated  in  the  next  section. 


SEC.  11.07,  DESIGN  OF  NARROW- BAND  FILTERS  FOR  MINIMUM 

MIDBAND  LOSS  AND  SPECIFIED  HIGH  ATTENUATION 
AT  SOME  NEARBY  FREQUENCY 

In  various  practical  situations  such  as  the  design  of  preselectors 
for  superheterodyne  receivers,  narrow-band  filters  are  desired  which 
have  as  little  loss  as  possible  at  band  center,  with  some  specified 
high  attenuation  at  some  nearby  frequency.  For  example,  in  a  super¬ 
heterodyne  receiver  using  a  30-Mc  IF  frequency,  a  preselector  filter 
with  high  attenuation  60  Me  away  from  the  pass-band  center  may  be 
desired  in  order  to  suppress  the  image  response.  For  microwave 
receivers  of  this  sort  the  signal  bandwidth  is  usually  very  small  com¬ 
pared  to  the  carrier  frequencies  involved.  Thus,  the  design  objectives 
for  the  preselector  filter  focus  on  obtaining  minimum  midband  loaa, 
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FIG.  11.07-1  DEFINITION  OF  TERMS  USED 
IN  SEC.  11.07 


where 


and  specified  high  attenuetion  at 
some  nearby  frequency.  Adequate 
paas-band  width  for  the  narrow 
signal  spectrum  to  be  received  is 
virtually  assured. 

Figure  11.07*1  defines  most 
of  the  aymbola  to  be  used  in  the 
following  diacuaaion.  For  the 
purposes  of  this  analysis  it  will 
be  assumed  that  the  filtera  under 
diacuaaion  are  of  sufficiently 
narrow  bandwidth  ao  that  the 
simplified  low-paaa  to  band-pass 
mapping 

£  2  (f  -  M 
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will  be  valid  regardless  of  the  physical  form  of  the  resonators  and 
couplings  to  be  used.  In  Eq.  (11.07-1),  w  is  the  fractional  pass-band 
width  at  the  pasa-band  edges  corresponding  to  wj  of  the  prototype. 

Of  more  importance  for  thia  application  is  the  fractional  bandwidth 
» t  for  which  the  attenuation  ia  specified  to  have  reeched  a  specified 
high  level  (f>4),,  as  indicated  in  Fig.  11.07-1.  The  attenuation 
(L4)0  at  midband  is,  of  course,  to  be  minimised. 

Many  low-pass  prototype  designs  will  lead  to  band-pass  filter 
designs  which  will  have  (/,4 )  #  •  0  if  the  resonators  of  the 
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band-pat *  filter  are  l ottlets.  However,  when  the  inevitable  reaonator 
loaaes  are  included  (L 4 ) 0  will  neceaaarily  be  non-sero.  Under  theae 
conditiona  filtera  which  all  have  the  same  w(  for  a  apecified  (L 4 )  # , 
and  which  would  all  have  (l4)#  *  0  for  the  caae  of  no  losaea,  way  have 
conaiderably  different  CL 4 ) 0  values  when  losses  are  included. 

Schiffaan4  has  developed  design  data  for  filtera  having  two  or 
three  resonators  which  will  yield  minimum  midband  loss  for  apecified 
w(  and  (£>4),  ••  Mentioned  above.*  Cohn*  has  studied  the  general  case 
for  an  arbitrary  number  of  resonators  and  haa  found  that  designs  with 
very  nearly  Mininua  (L4)0  will  be  obtained  if  the  filter  is  designed 
fron  a  low-pass  prototype  hsving  the  parameters 

«0  "  *1  ■  <*•••■  8„  *  «Bt|  ■  1 


and 
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The  signi ficance  of  these  parameters  is  the  same  as  in  Sec.  4.04. 

By  use  of  Eqs.  (11.07-2),  (4.13-3),  and  (4.13*11),  the  midband  loss 
for  filters  designed  from  the  prototype  element  values  in  Eq.  (11.07-2) 
is  approximately 


(L  )  =  -4'3-43"  db  (11.07-3) 

4  0  K>„ 

where  Q  is  the  unloaded  1}  of  the  resonators.  Here  ( L. 4 )0  is  practically 
the  same  as  (AL^ )#  in  Eq.  (4.13-11),  si  nee  this  type  of  filteris  perfectly 
matched  at  midband  when  no  losses  are  present,  and  very  nearly  matched  at  mid¬ 
band  when  losses  are  included.  The  fractional  bandwidth  u>  in  Eq .  (11.07-3)  is 
the  pass- band  fractional  bandwidth  corresponding  to  <*>|  for  the  prototype,  and 
is  the  one  to  be  used  in  the  design  equations  of  Chapters  8  to  11.  However ,  the 
fractional  bandwi  dth  w,  i  s  the  one  which  i  s  most  useful  for  speci  fy  ing  the  per¬ 
formance  requi  feme  a  ts  for  this  application.  DyuseofEqs.  (4.14-1),  (11.07-1), 
and  (11.07-2),  w und  m  are  found  to  be  related  by  the  approximate  formula 

Taab  aad  B»|aar,*°a»d  Fabiai  aad  nuillaaia11  ha*a  atadiad  trua  aaaiaally  flat  and  Tcbabyackaf I 
filters  which  hare  dinipatioa.  It  will  b«  taai  that,  e  true  aaaiMlly  flct  or  Tchebyscheff 
raapoaaa  in  a  filter  having  dissipation  requires  ancteesed  aidbend  ettenuetion  over  thet  of 
the  equel-cleaent  filtera  discuesed  in  thie  section  li.f.,  for  the  aase  Uj)f»  »f  •  reeo- 
netor  Q'sJ. 


673 


—  -  Mtilog,, 


( l4),  +  6.02 
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where  (l4),  ie  in  decibels.  Thue,  by  Eqs.  (11.07-3)  end  (11.07-4) 


(i4),  ♦  6.02' 

4.343n  antilogy 

2  On 

wo 

•  'l 


db.  (11.07-5) 


Figure  11.07-2  ehowe  plate  of  dete  obteined  from  Eq.  (11.07-5)  for 
various  value*  of  U>4)t.  Note  thet  w ,0,(f.4)#  ie  plotted  v*.  the  number, 
n,  of  reaonetore.  Thue,  for  given  »t  end  0t  the  height  of  the  curvee 
ie  proportionel  to  the  midband  loae  thet  will  occur.  Observe  thet  the 
optimum  number  of  reaonetore  needed  to  achieve  minimum  (L4)#  depend* 
on  the  value  of  (i.4)a  which  he*  been  epecified.  For  (f>4),  ■  30  db  the 
optimum  number  of  reaonetore  ie  four,  while  for  (f>4),  »  70  db,  the 
optimum  number  of  reaonetore  ie  eight. 

Equation  (11.07-5)  upon  which  Fig.  11.07-2  i*  baaed,  involve*  a 
number  of  approximation*  such  that  the  anewer*  given  will  improve  in 
accuracy  >*  (b4)f  increaae*  in  eiae  and  a*  the  product  Qm»,  increeeee 
in  cite.  Aa  a  check  on  the  accuracy  of  thie  equation,  a  typical  trial 
deeign  with  moderate  value*  of  (f>4),  and  Q>»<  will  be  conaidered.  Let 
ue  auppoae  that  wf  ■  0.03  ia  required  for  U-4)l  ■  40  db,  and  that 
Q,  *  1000.  Figure  11.07-2  ahowa  that  an  n  ■  4  reaonator  deaign  will  be 
quite  cloae  to  optimum.  From  the  chart,  for  n  ■  4,  4)#  ■  65. 

Thue,  the  eatimated  midband  loaa  ia 


65 


65 

0.03(1000) 


2.16  db. 


To  check  thi*  reault  a  lumped-element,  n  ■  4,  trial  deaign  of  the  form 
in  Fig.  8.02-2(a)  waa  worked  iut  using  g0  ■  g,  *  gt  ■  g}  ■  g4  ■  g$  ■  1, 
«*>|  •  1,  and  r  »  0.007978  [which  was  obtained  from  Eql  (11.07-4)].  The 
computed  response  of  this  design  is  shown  in  Fig.  11.07-3  for  the  cnaes 
of  Qu  ■  ®  (i.«.,  not  losses),  and  Qm  ■  1000. 

• 

EsMfUa  4m  to  Hr.  L.  A.  htlitM  i*4i*ata  tkat  tktaa  surra*  ar*  raasaaakly  accarat*  frao  ■•It* 
okara  tkay  fiattaa  aat,  tat,  kacaaaa  a(  tka  ayyrsaiaottasa  iaral*e4,  tkay  4a  aat  riaa  aa  laat  aa 
tkay  akaal4  ta*ar4a  tka  rifkt. 
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FIG.  11.07-2  DATA  FOR  DETERMINING  THE  PERFORMANCE  OF 
BAND-PASS  FILTERS  DESIGNED  FROM  EQUAL- 
ELEMENT  PROTOTYPES 
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Figure  11.07-3  show*  the  date  in  Fig.  11.07-2  to  be  satisfactory 
for  tli i a  case.  Note  that  the  midband  loss  when  Qu  *  1000  is  for practic 
purposes  exactly  as  predicted.  The  only  noticeable  error  is  that  the 
attenuation  at  the  t*f  -  0.03  fractional  bandwidth  points  (i.e.,  the 
points  were  fc>/o>0  •  0.BS  end  1.15)  is  1  db  low  on  one  side  and  1.5  db 
low  on  the  other  as  coapared  to  the  specified  (i-j),  ■  40-db  value. 

Thus,  Fig.  11.07-2  should  be  sufficiently  accurate  for  most  practical 
applications  of  the  sort  under  consideration. 


FIG.  11.07-3  RESPONSES  WITH  AND  WITHOUT  DISSIPATION 
LOSS  OF  A  4-RESONATOR  FILTER  DESIGNED 
FROM  AN  EQUAL-ELEMENT  PROTOTYPE 


The  dashed  line  in  Fig.  11.07*3  shows  the  attenuation  of  the  filter 
when  the  resonators  are  lossless.  The  pass-band  is  aeen  to  have  ripples 
nearly  1  db  in  amplitude.  Observe  that  when  losses  are  included,  the 
attenuation  due  to  dissipation  increases  the  loss  at  the  band  edges 
so  much  as  to  nearly  obscure  the  ripples  completely.  This  is  typical 
of  the  effects  of  sizeable  dissipation  loss,  regardless  of  the  choice 
of  low-pass  prototype  filter. 

SEC.  11.08,  DESIGN  OK  BAND-PASS  IMPEDANCE -MATCHING  NETWOMKS 
USING  THE  METHODS  OK  CHAPTEH  8 

Very  efficient  impedance-matching  networks  can  be  designed  for  many 
applications  by  use  of  the  f i 1 te r -des i gn  techniques  discussed  in 
Chapter  8,  along  with  the  impedance-matching  network  low-pass  prototypes 
discussed  in  Secs.  4.09  and  4.10.  These  procedures  assume  that  the 
load  to  be  matched  can  be  approximated  over  the  frequency  band  of 
interest  by  a  simple  H-L-C  resonant  circuit.  This  may  seem  like  a 
serious  restriction,  but  actually  a  very  large  number  of  microwave 
impedance-matching  problems  involve  loads  which  approximate  this 
situation  satisfactorily  over  the  frequency  range  for  which  n  good 
impedance  match  is  required. 

The  bandwidths  for  which  the  procedures  described  in  this  section 
will  yield  good  impedance-matching  network  designs  will  depend  partly 
on  how  closely  the  load  to  be  matched  resembles  a  simple  H-L-C  circuit 
within  the  frequency  range  of  interest.  However,  since  the  procedures 
about  to  be  described  are  based  on  the  methods  of  Chapter  8,  which 
involve  approximations  of  a  narrow-band  sort,  accurate  results  for 
bandwidths  much  over  20  percent  can  rarely  be  expected.  Designs  of 
5  or  10  percent  bandwidth  which  give  nearly  the  theoretically  optimum 
match  for  the  given  load  and  number  of  resonators  should  be  relatively 
easy.  The  procedures  described  in  Sec.  11.09,  following,  are 
recommended  for  the  more  wide-band  cases  since  Sec.  11,09  is  based  on 
the  methods  of  Chapter  10  which  apply  for  very  wide  bandwidths  as  well 
as  for  narrow  bandwidths. 

Determination  of  the  Load  Parameters  and  the  Lov-Pass  Prototype  — 
Before  a  satisfactory  network  to  give  a  good  impedance  match  over  a 
prescribed  frequency  range  can  be  designed,  it  is  necessary  to  establiah 
parameters  that  define  the  load.  The  following  procedure  is  recommended: 
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(1)  Make  iapedance  measurements  of  the  load  acroaa  the  deaired 
frequency  range  for  which  a  good  inpedance  enrtch  ia  deaired. 
Plot  the  reaulting  iapedance  data  on  a  Saith  chart,  or  in 
aoae  other  convenient  fora.  Alao  plot  the  corresponding 
adaittance  va.  frequency  characteristic.  If  the  real  part 
of  the  iapedance  ia  store  nearly  constant  than  the  real  part 
of  the  adaittance,  the  load  is  beat  suited  for  approximate 
representation  as  a  series  R-L-C  circuit.  If  the  real  part 
of  the  adaittance  ia  the  aost  nearly  constant  over  the 
frequency  range  of  interest,  the  load  ia  best  suited  to 
approxiaate  representation  as  a  parallel  H-L-C  circuit. 

(2)  If  the  real  part  of  the  iapedance  is  the  aost  constant,  add  a 
reactance  eleaent  in  series  so  as  to  bring  the  load  to  series 
resonance  et  /#,  the  aidband  frequency  of  the  frequency  range 
over  which  a  good  iapedance  match  ia  deaired.  If  the  real 
part  of  the  adaittance  is  the  aost  nearly  constant,  add  a 
reactance  eleaent  in  sh-  it  with  the  load  so  as  to  bring  the 
load  to  parallel  resonance  at  /g. 

(3)  Using  the  procedures  in  Sec.  11.02,  deteraine  QA ,  the  Q  of 
the  resonated  load.  If  the  load  is  series- resonant ,  alao 
deteraine  HA,  the  resistance  of  the  load  at  resonance.  If 
the  load  is  parsl lel-resonant,  determine  CA,  the  conductance 
of  the  load  at  resonance. 

After  the  load  circuit  has  been  brought  to  resonance  at  /Q,  and  a 
measured  value  has  been  found  for  its  Q,  QA,  and  for  its  midband 
resistance  HA,  or  conductance  C4,  the  load  is  defined  for  the  purposes 
of  this  design  procedure. 

With  regard  to  the  steps  outlined  above,  several  additional  points 
should  be  noted.  In  many  cases  the  nature  of  the  load  circuit  will 
be  well  enough  understood  so  that  the  iapedance  and  adaittance  plots 
in  Step  1  above  will  not  be  necessary.  When  adding  a  reactance  eleaent 
to  bring  the  load  to  series  or  parallel  resonance  at  f0,  the  additional 
eleaent  should  be  as  nearly  lumped  as  possible,  and  it  should  be  ss 
close  to  the  load  as  possible,  if  best  perforasnee  is  desired.  Using 
a  resonating  eleaent  of  a  sise  that  approaches  a  quarter-wavelength  or 
aore  will  increase  the  Q  of  the  resonant  load  and  decrease  the  quality 
of  the  iapedance  match  that  will  be  possible  over  the  specified  band. 
Using  a  lumped  resonating  discontinuity  at  an  appreciable  electrical 
distance  from  the  load  has  a  similar  deleterious  effect.  However,  in 
some  practical  situations  where  the  resulting  degradation  in  performance 
can  be  tolerated,  siseable  matching  elements  or  the  locating  of  a 
resonating  discontinuity  at  some  distance  from  the  load  may  be  desirable 
as  a  matter  of  practical  convenience. 
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In  order  to  select  an  appropriate  low-pass  prototype  for  the  band* 
paaa  Matching  network,  the  decrement 


(11.08-1) 


Muat  be  computed  where 


f  i  ~  f  \ 
f  o 


(11.08-2) 


(11.08-3) 


and  where  / j  and  /2  are,  respectively,  the  lower  and  upper  edgea  of  the 
frequency  band  over  which  a  good  match  is  desired.  Knowing  S,  the 
performance  which  is  possible  can  be  predicted  as  described  in 
Secs.  4.09  and  4.10,  and  a  suitable  low-pass  prototype  can  be  determined 
as  described  in  those  sections. 

It  should  be  recalled  that,  for  any  load  which  has  reactive  elements 
aa  well  as  resistive  elements  in  it,  it  is  not  possible  to  obtain  a 
perfect  match  across  a  finite  frequency  band  no  matter  how  complicated 
an  impedance-matching  network  is  used  (see  Sec.  1.03).  Thus,  for  any 
given  load  there  are  absolute  restrictions  on  how  good  a  match  can  be 
obtained  across  s  given  hand  of  interest.  Generally,  adding  one  resonator 
(in  addition  to  the  resonator  formed  by  the  load)  which  calls  for  an 
n  •  2  reactive  element  low-paas  prototype  circuit  will  give  a  very  large 
improvement  i.i  performance.  Going  to  a  design  worked  out  using  an 
optimum  n  >  3  or  n  •  4  prototype  will  give  still  further  improvements, 
but  with  rapidly  diminishing  returns  for  each  increase  in  n.  It  would 
rarely  be  worthwhile  to  go  to  designs  with  n  greater  than  3  or  4; 
to  use  more  than  two  or  three  resonators  in  addition  to  the  resonator 
formed  by  the  resonated  load. 

When  designing  waveguide  impedance-matching  networks,  it  will 
frequently  be  convenient  to  use  reciprocal  guide  wavelength  as  a  frequency 
variable,  as  was  done  in  the  design  data  discussed  in  Sec.  8.06.  On  that 
basis,  the  decrement  becomes 
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where 


(11.08-4) 


(11.08-5) 


(0 


ui.oe-6) 


•here  and  ere  the  guide  wavelengtha  at  the  edgea  of  the  frequency 
band  over  which  a  good  natch  ia  deaired,  ia  the  guide  wavelength  at 

nidband,  K  and  are  the  guide  wavelengtha  at  the  frequencies  of 
the  half-power  points  of  the  resonated  load,  is  the  plane-wave  wave¬ 
length  at  the  nidband  frequency  in  the  sane  nediun  of  propagation  aa 
exists  within  the  guide,  and  QA  is  the  Q  of  the  resonated  load  aa 
deternined  by  the  nethoda  in  Sec.  11.02,  or  by  other  equivalent  nethoda. 
Having  a  value  for  the  decrenent  8^,  the  low-pass  prototype  to  be  used 
is  deternined  by  use-  of  the  data  in  Secs.  4.09  and  4.10,  uaing  8^  in 
place  of  8. 

Adaptation  of  the  Data  in  Chapter  8  for  Impedance -Matching  Network 
Design— The  nethoda  for  band-paaa  filter  design  discussed  in  Chapter  8 
are  readily  adapted  for  the  design  of  inpedance-natching  networks.  After 
the  load  has  been  resonated  as  described  above,  the  load  provides  the 
first  resonator  of  the  filter.  Fron  that  point  on,  the  renainder  of  the 
filter  (which  conpriaes  the  actual  inpedance-natching  network)  can  be 
of  any  of  the  forns  diacussed  in  Chapter  8.  Figure  11.08-1  presents 
generalised  information  for  the  design  of  impedance-watching  networks 
for  series-resonated  loads  with  the  matching  network  consisting  of 
series  resonators  coupled  by  X-inverters.  This  generalised  information 
supplements  that  in  Fig.  8.02-3,  and  it  can  be  applied  to  the  design 
of  impedance-matching  networks  using  a  wide  variety  of  resonator 
structures  as  diacussed  in  Chapter  8.  Figure  11.08-2  shows  analogous 
data  for  the  case  of  a  parallel-resonant  load  with  the  matching  network 
conaiating  of  shunt  resonators  and  7-inverters.  These  data  supplement 
the  dats  in  Fig.  8.02-4. 
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FIG.  1 1.08-1  COUPLED-RESONATOR  MATCHING  NETWORK  FOR  SERIES-RESONANT  LOADS 
This  data  supplements  that  in  Fig.  8.02-3 
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FIG.  11.08-2  COUPLED-RESONATOR  MATCHING  NETWORK  FOR 
SHUNT-RESONANT  LOADS 
This  data  supplements  that  in  Fig.  8.02-4 
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To  further  make  cleer  how  the  generalized  information  in  Figs.  11.08*1 
and  11.08*2  ia  used  for  the  practical  design  of  impedance-matching  net¬ 
works,  the  data  given  will  be  restated  as  they  apply  to  several  of  the 
specific  filter  structures  discussed  in  Chapter  8.  Figure  11.08*3  shows 
how  the  data  apply  to  the  design  of  strip-line  impedance-matching  filters 
with  A0/2  resonators  of  the  form  in  Sec.  8.05.  Note  that  in  this  case 
the  load  must  exhibit  shunt  resonance,  and  Resonator  2  is  capacitively 
coupled  to  the  load.  When  the  load  has  been  resonated  and  an  appropriate 
low-pass  prototype  has  been  established  as  discussed  above,  and  using 
the  equations  for  the  J t  as  given  in  Fig.  11.08-3,  the  remainder 

of  the  design  of  the  circuit  is  as  discussed  in  Sec.  8.05.  The  capacitive 
coupling  BtJ  between  Resonator  2  and  the  load  will  have  a  small  detuning 
effect  on  the  resonated  load.  As  a  result,  it  will  tend  to  shift  the 
resonant  frequency  of  the  load  by  about 

. 

N  ■  .  «>•»«-” 

To  compensate  for  this,  the  load  should  be  retuned  after  the  matching 
network  is  installed,  or  it  should  be  pretuned  to  fQ  *  |A/|  before  the 
matching  network  is  installed. 
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FIG.  11.08-3  SUPPLEMENTARY  DATA  FOR  USE  WITH  THE  MATERIAL  IN  SEC.  8.05 
FOR  DESIGN  OF  IMPEDANCE-MATCHING  NETWORKS 
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FIG.  11.08-4  SUPPLEMENTARY  DESIGN  DATA  FOR  USE  WITH  THE  MATERIAL 
IN  SEC.  8.08  FOR  THE  DESIGN  OF  IMPEDANCE-MATCHING 
NETWORKS 

Figure  11.08-4  shows  analogous  data  foi  design  of  impedance-matching 
networks  whose  resonators  are  in  the  quarter-wavelength,  strip-line  form 
discussed  in  Sec.  8.08.  In  this  case  the  load  may  be  either  series-  or 
shunt-resonated.  If  the  load  is  series  resonated,  then  it  should  be 
followed  by  a  K-inverter  consisting  of  a  small  shunt  stub  such  as  those 
discussed  in  Sec.  8.08.  The  shunt  reactance  ^12  of  this  stub  will  have 
a  small  detuning  effect  on  the  load  snd  will  tend  to  shift  its  resonant 
frequency  by  about 


M 


-M.i 


(11.08-8) 


This  effect  should  be  compensated  for  by  retuning  the  load,  or  by  precompen¬ 
sating  the  tuning  of  the  load.  If  the  load  is  paral lei -resonated,  then 
the  load  should  be  followed  by  a  capacitive-gap  ./-inverter  as  ia  alao 
ahown  in  Fig.  11.08-4,  and  the  detuning  effect  of  the  coupling  susceptance 
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B(|  i«  as  given  in  Eq.  (11.08-?).  Figure  11.08-4  gives  equation*  for  the 
J-  and  ff-invertera  for  deaign  of  the  matching  network,  and  the  remainder 
of  the  design  proceaa  ia  as  described  in  Sec.  8.08. 

Figure  11.08*5  present*  data  for  the  caae  where  the  matching  network 
ia  to  be  a  waveguide  filter  aa  discuaaed  in  Sec.  8.06.  In  this  case  the 
reference  plane  for  the  load  must  be  referred  to  a  point  in  the  waveguide 
where  the  load  will  appear  to  be  aeries- reaonant.  The  load  ia  coupled 
to  the  next  resonator  by  a  X-inverter  conaiating  primarily  of  a  shunt- 
inductive  iris  with  shunt  reactance  X|2>  This  coupling  reactance  will 
tend  to  detune  the  load  by  an  amount 
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(11.08-9) 


which  can  be  compensated  for  either  by  retuning  the  load,  or  by  moving 
the  iris  X ( 2  slightly  toward  the  load.  Note  that  in  Eq.  (11.08*9)  and 
in  the  equatione  in  Fig.  11,08-5,  the  impedance*  are  all  normalised  to 
the  waveguide  impedance,  so  that  no  difficulty  arise*  fro*  the  ambiguity 
inherent  in  trying  to  define  absolute  values  of  waveguide  impedance. 
Having  computed  the  inverter  parameters  as  given  in  Fig.  11.08-5,  the 
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FIG.  11.08-5  SUPPLEMENTARY  DATA  FOR  USE  WITH  THE  MATERIAL  IN 
SEC.  8.06  FOR  THE  DESIGN  OF  WAVEGUIDE 
IMPEDANCE-MATCHING  NETWORKS 


remainder  of  the  design  proceee  is  as  described  in  Sec.  8.06.  Of  course, 
in  this  case,  the  decrement  for  use  in  determining  the  low-pass 
prototype  and  for  use  in  the  equation  for  is  defined  as  in 

Eq.  (11.08-4). 

The  equations  in  Figs.  11.08-3  to  11.08-5  were  obtained  by  simply 
inserting  the  appropriate  slope  parameter  values  in  the  generalised 
equations  in  Figs.  11.08-1  and  11.08-2.  In  a  similar  fashion  design 
equations  can  be  obtained  for  a  wide  variety  of  impedance-matching 
structures.  The  best  structure  to  use  in  a  given  situation  may  vary 
widely,  depending  on  such  considerations  as  the  impedance  level  of  the 
load  as  compared  to  that  of  the  source,  the  allowable  site,  the  fractions 
bandwidth  required,  etc.  As  mentioned  above,  the  resonated  load  should 
be  kept  in  as  compact  a  form  as  possible  if  beat  results  are  desired. 
Also,  for  best  results  the  inverter  coupling  to  the  load  should  be  of 
nearly  lumped-element  form.  A  quarter-wavelength  of  line  could  be  used 
in  relatively  narrow-band  cases  as  an  inverter  for  coupling  to  the  load, 
but  the  performance  achieved  would  not  be  as  good  as  when  a  lumped-  or 
nearly  lumped-element  coupling  is  used.  This  is  because  the  quarter- 
wavelength  line  itself  has  selectivity  effects  which  would  add  to  those 
of  the  resonated  load  and  thus  make  impedance  matching  over  a  specified 
band  more,  di ff icult.  However,  in  some  relatively  non-critical  situations 
where  the  resulting  depreciation  in  performance  can  be  tolerated,  a 
quarter-wavelength  coupling  to  the  load  may  be  a  desirable  practical 
compromi ae. 

Experimental  Adjustment  of  Coupled-Resonator  Impedance -Matching 
Networks — In  cases  where  one  resonator  can  be  added  to  the  circuit  at  a 
time,  and  where  the  couplings  between  resonators  and  their  tunings  are 
readily  adjustable,  while  the  resonator  slope  parameters  ,  a.J(  ..., 

O’l'Or'tj,  . ^  are  known,  it  may  be  convenient  to  determine  the 

impedance-matching  network  design  by  a  combination  of  theoretical  and 
experimental  procedures.  Let  us  suppose  that  a  load  has  been  resonated 
in  series  as  described  above,  and  that  its  <?4,  its  R4,  its  decrement 
8,  and  a  desired  n  »  2  low-pass  prototype  have  been  determined.  Assuming 
that  the  slope  parameter  for  Resonator  2  is  known,  the  inverter 
parameters  KtJ  and  are  then  computed  by  use  of  Fig.  11.08-1,  and 
it  is  desired  to  adjust  the  resonator  couplings  to  achieve  the  couplings 
indicated  by  these  inverter  parameters. 


Figure  11.08*6  illustrate*  a  procedure  for  experiaiental  adjuatuent 
of  auch  a  filter.  At  (a)  is  ahown  the  resonated  load  connected  directly 
to  the  desired  driving  generator.  The  VSWR  between  the  generator  and 
load  is  then  at  reaonance  aa  given  in  the  figure.  Next,  the  coupling 
reactance  associated  with  the  inverter  KtJ  is  added,  and  it  is  adjusted 
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FIG.  11.08*6  PROCEDURE  FOR  EXPERIMENTAL 
ADJUSTMENT  OF  AN  IMPEDANCE 
MATCHING  NETWORK 


until  the  VSWR  at  reaonance  ia  VJt  aa  indicated  at  ()>)  in  the  figure. 
Asauming  that  a  alotted  line  ia  being  used  for  the  teata,  the  poaitiona 
of  the  voltage  minina  must  be  checked  to  be  aure  that  thia  V t  correaponda 
to  the  deaired  Z}( a>fl)  and  not  ita  reciprocal  (with  reaped  to  the  alotted 
line  impedance).  Adding  the  coupling  reactance  associated  with  Klf 
will  probably  throw  the  load  alightly  off  of  the  deaired  reaonant  fre¬ 
quency,  ao  after  the  deaired  impedance  ia  obtained  at  reaonance,  the 
load  ahould  be  retuned.  Aa  long  as  V  ia  always  measured  at  the  frequency 
of  reaonance  (no  matter  whether  it  ia  exactly  the  deaired  fQ  or  not), 
the  email  correction  required  later  in  the  load  tuning  ahould  have 
negligible  effect  on  the  required  coupling  reactance. 


Next,  Resonator  2  along  with  the  coupling  reactance  aaaociated  with 
the  inverter  ia  added  to  the  circuit  as  ahown  in  Fig.  11. 08 -6(c) . 

In  thia  caae,  it  ia  necessary  both  to  bring  Resonator  2  to  the  proper 
resonant  frequency  and  to  adjust  the  coupling  reactance  associated  with 
X2]  in  order  to  achieve  the  desired  impedance-matching  effect.  The 
tuning  of  Resonator  1  (i.e.,  the  resonated  load)  can  be  assumed  to  be 
very  nearly  correct  so  that  any  mistuning  evident  in  the  VSWH 
characteristic  ot  the  circuit  must  be  due  mainly  to  mistuning  of 
Resonator  2.  If  Resonator  2  is  correctly  tuned  to  /0,  the  VSWH 
characteristic  will  have  either  a  maximum  or  a  minimum  value  at  /#,  and 
the  characteristic  will  be  symmetrical  about  fQ  (except  possibly  for 
some  distortion  of  the  frequency  scale  as  a  result  of  the  fact  that 
the  coupling  between  resonators  varies  with  frequency).  Thus,  the 
tuning  of  Resonator  2,  and  the  coupling  associated  with  the  inverter 
K  should  be  adjusted  until  a  VSWH  characteristic  symmetrical  about 
fQ  is  obtained  with  a  VSWH  at  f0  equal  to  the  value  Fj  corresponding 
to  the  impedance  Z  | ,  ,  computed  from  the  data  at  (c)  in  Fig.  11.08-6. 

3  '  (i 

Once  again,  the  locations  of  the  voltage  minima  on  the  slotted  line 
ahould  be  checked  to  be  sure  that  this  corresponds  to  Z^\  j  and 
not  its  reciprocal  with  respect  to  the  slotted  line  impedance. 


Thia  would  complete  the  adjustment  of  an  n  ■  2  matching  network. 

The  same  procedure  can  be  applied  to  the  adjustment  of  impedance-matching 
networks  of  any  complexity  by  repetition  of  part  of  the  same  steps.  Of 
course,  if  the  reaonators  are  in  shunt,  the  same  procedure  applies,  but 
the  analysis  ia  on  the  dual  basis. 
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A  Practical  Example  and  Some  Additional  Experimental  Techniques— A 
practical  example  will  now  be  considered.  The  circuit  to  be  diacuased 
was  adjusted  by  experimental  procedures  as  described  above,  but  some 
additional  techniques  were  involved  that  will  alao  be  explained.  The 
main  difference  was  that  only  the  Q  of  the  load  was  known,  and  its 
midband  impedance  was  not  known  since  all  of  the  measurements  on  the 
load  were  made  through  a  coupling  reactance  of  unknown  value.  As  will 
be  seen,  it  was,  nevertheless,  still  possible  to  carry  out  the  required 
adj  uatments . 

Figure  11.08*7  shows  the  circuit  under  consideration.  It  is  a 
tunable  up-converter  in  strip-line  form.5'6  A  pumped,  variable-capacitance 
diode  provides  both  gain  and  frequency  conversion.  This  device  has  a 
narrow-band,  lower-sideband  output  circuit  centered  at  4037  Me;  hence, 
the  response  of  the  over-all  circuit  is  narrow  band.  However,  by  varying 
the  pump  frequency  from  4801  Me  to  5165  Me  the  input  frequency  which 
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FIG.  11.08-7  SIMPLIFIED  DRAWING  OF  A  STRIP-TRANSMISSION-LINE 
TUNABLE  UP-CONVERTER 
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would  be  accepted  and  amplified  variea  from  764  to  1128  Me.  In  order  to 
achieve  the  desired  performance,  impedance-matching  filtera  are  required 
at  both  the  oignal  input  and  pump  input  ports.  Herein,  we  will  review 
the  ateps  that  were  taken  to  broadband  the  pump  input  channel. 

When  the  pump  circuit  of  this  device  waa  adjuated,  the  portions  of 
the  circuit  that  were  electrically  of  moat  importance  were  the  diode  plua 
its  0.020-inch  diameter,  207-ohm  wire  lead  (which  together  consti¬ 
tuted  the  resonant  load  in  this  case),  and  the  second  pump  resonator 
(aee  Fig.  11.08-7).  The  other  portions  of  the  circuit  were  greatly 
decoupled  at  the  frequency  range  of  interest.  Ti.u  s>  -ond  pump  reaonator 
wsa  of  the  quarter-wavelength  type  in  Fig.  11.08-4  having  shunt- inductive 
coupling  to  the  aer iea- resonant  diode  circuit  (which  served  as  the  first 
pump  resonator),  and  having  series-capacitance  coupling  to  the  pump 
input  line.  The  second  pump  resonator  shown  in  Fig.  11.08-7  had 
different  cross-sectional  proportions  than  the  pump  input  line,  but 
both  were  of  50  ohm.  impedance. 

Figure  11.08-8  shows  an  approximate  equivalent  circuit  for  the  pump 
channel  of  this  device  at  frequencies  around  5000  Me.  Though  the  load 
circuit  (i.e.,  the  diode  circuit)  is  actually  quite  complex,  it  behaves 
like  a  simple  aer iea- resonant  load  in  the  frequency  range  of  interest. 

The  impedance  inverter  KJ3  and  the  admittance  inverter  Jj3  relate  to 
coupling  discontinuities  as  indicated  in  Fig.  11.08-7.  Note  that  in 
this  circuit  the  pump  power  is  all  ultimately  delivered  to  the  diode 
paraaitic  loss  reaiator  fl(.  Since  Ra  is  quite  small  compared  to  the 
reactances  involved,  the  impedance-matching  problem  is  relatively 
severe. 

For  the  circuit  in  Fig.  11.08-7,  the  shunt  stub  associated  with 
X,2  was  set  to  a  length  estimated  to  be  about  right  when  the  device 
waa  first  assembled.  To  adjust  the  circuit,  the  capacitive  gap 
associated  with  J 33  was  closed  so  that  there  was,  in  effect,  a  50-ohm 
line  right  up  to  the  KXJ  discontinuity.  (This  was  equivalent  to 
removing  the  J3J  box  in  Fig.  11.08-8  to  leave  a  50-ohm  line  right  up 
to  K1}.)  Then  with  a  slotted  line  connected  to  the  pump  input  port 
of  the  device,  VSWH  teats  were  made  to  determine  the  Q,  Q4,  of  the 

Iifirttn  aed  J„,  arc  approximately  at  tka  forex  ia  Fisa.  I.OJ-l(c)  aad  8.01-2(4), 
roepoetiyely.  Nota'Ckat  tkoeak  tka  aecoad  paap  raaoaator  ia  of  tka  qaartar-oaralaaftk 
type,  ita  pkyaioal  leaatk  oill  ka  coaaidarakly  iaaa  tkaa  a  quarter  aaxelaagtk  daa  to 
tka  aepative  lxagtka  of  liaa  aaaociatad  oitk  tka  iayertera.  See,  for  axaapla  Eq.  (4) 
of  Fi|.  1.08-1. 
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FIG.  11.00-8  APPROXIMATE  EQUIVALENT  CIRCUIT  FOR  THE  PUMP  INPUT 
CHANNEL  OF  THE  CIRCUIT  IN  FIG.  11.08-7  FOR  FREQUENCIES 
IN  THE  VICINITY  OF  5000  Me 


diode-circuit  at  its  pump- frequency  resonance.  Using  the  methods 
described  in  Sec.  11.02  the  QA  of  the  pump  circuit  was  found  to  be  77. 
(Note  that  QA  for  the  diode  circuit  corresponds  to  the  unloaded  Q  as 
measured  by  techniques  of  Sec.  11.02,  and  that  this  Q  is  independent 
of  the  adjustment  of  the  Kjj  shunt  stub.) 

The  desired  fractional  bandwidth  was  specified  to  be  *>  *  0.082, 

ao  that  the  decrement  of  the  load  was 

8  •  — »  -  *0.16 

•*<?,  0.082(77) 

According  to  Figs.  4.09-3  and  4.09-4,  an  n  *  2  resonator  design  with 
$  *  0.16  colls  for  a  maximum  transducer  loss  of  3.3  db  with  0.84-db 
ripple  in  the  operating  band.  Since  this  was  satisfactory  for  the 
application  under  consideration, a  larger  value  of  n  was  not  considered. 
The  corresponding  optimum  low-pass  prototype  element  parameters  were 
then  from  Fig.  4.09-6  found  to  be  gfl  ■  1,  g,  ■  6.30,  g2  *  0.157, 
gj  *  6. 30,  and  o»J  ■  1. 
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By  Fig.  11.08*4, 
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(11.08-10) 


(11.08-11) 


rt,‘ re  Kg  ■  1/Zg.  All  of  the  paranetera  needed  to  evaluate  J2]  were 
known,  but  #12  could  not  be  evaluated  becauae  RA  was  not  known.  (Aa 
previoualy  Mentioned,  when  QA  was  Measured  the  A|2  stub  waa  set  at  some 
length  estimated  to  be  about  right,  but  the  length  of  the  atub  was  not 
necessarily  correct.  It  waa  nr'  necessary  to  know  X|2  in  order  to 
deterMine  QA  by  the  Methods  of  Sec.  11.02.  However,  the  #12  parameter 
of  the  coupling  stub  would  have  to  be  known  accurately  in  order  to 
determine  RA . )  This  difficulty  was  bypassed  by  eliminating  both  X12 
and  Ra  from  the  calculations  in  the  following  manner. 

In  Fig.  11.08-8,  the  impedance  Z%  is  at  Midband 


Then  from  Fqs.  (11.08- 10)  and  (11.08-12) 


(11.08-12) 


Z9nw 


(“>I)  J4g,g2S 
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_ 5Qff( 0, 082) _ 

< 1 ) *4(6. 30) (0. 157) (0. 16) 


20. 4  ohms. 


Thus,  with  the  Jj3  gap  closed  so  as  to  give  a  50-ohm  line  up  to  the  K 
stub,  the  length  of  the  A’12  stub  was  adjusted  so  that  the  VSWR  seen 
looking  in  the  pump  input  port  at  resonance  was 
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( 11.08*14) 


50 

20.4 


2.45 


while  the  vicinity  of  the  K j g  stub  was  a  voltage  minimum  of  the  standing* 
wave  pattern  vs.  length. 

Next  the  Jj3  gap  in  Fig.  11.08-7  was  opened  and  adjusted  so  as  to 
give  a  VSWR  of  ■  6.30  at  midband.  For  each  trial  adjustment  of  the 
gap  spacing,  tuning  screws  near  the  capacitive-gap  end  of  the  second 
pump  resonator  were  adjusted  to  give  a  VSWR  response  vs.  frequency 
which  was  approximately  symmetrical  about  /#.  The  V d  •  6.30  value 
can  be  computed  as  follows. 

In  Fig.  11.08-8  at 


*1 


Since  is  an  admittance  inverter  (Sec.  8.03) 


•  n 


Then  by  Eqs.  (11.08-11),  (11.08-13),  and  (11.08-16), 
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•  50(  1  X6.30)  -  315  ohms. 

Thus,  the  VSWR  seen  on  the  50-ohm  pump  input  line  at  midband  should  be 
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(11.08-18) 


where  the  vicinity  of  the  gap  should  be  a  voltage  maximum  of  the 

•tending- wave  pattern  vs.  length. 

Tliia  completed  the  adjustment  of  the  pump  impedance-matching  circuit, 
and  the  resulting  transducer  attenuation*  characteristic  aa  computed 
from  measured  VSWH  is  shown  in  Fig.  11.08-9.  The  measured  fractional 
bandwidth  ia  0.0875  as  compared  to  the  0.082  design  objective,  the 
3.2-db  peak  pass-band  loas  compares  favorably  with  the  3.3  db  predicted 
value,  while  the  pass-band  ripple  ia  around  0.4  db  as  compared  with  the 
0.84-db  predicted  value.  The  measured  performance  is  somewhat  -superior 
to  the  predicted  performance  because  when  the  data  in  Fig.  11.08-9  waa 
taken  the  lotif -aideband  output  resoi  .or  had  been  added  to  the  circuit 


FIG.  11.06-9  TRANSDUCER  ATTENUATION  AT  PUMP  INPUT 
PORT  AS  COMPUTED  FROM  MEASURED  VSWR 


S««  Sic.  S.1I  for  •  4iacinioo  of  this  tir«. 
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which  caused  the  effective  of  the  diode  circuit  to  drop  a  little  from 

the  Qa  ■  77  value  which  was  originally  obtained  without  the  output 
« 

resonator. 

It  is  interesting  to  consider  just  how  much  has  been  accomplished 
by  the  addition  of  the  second  pump  resonator  as  a  matching  network. 

Let  us  again  assume  that  QA  -  77  and  that  the  desired  fractional  band¬ 
width  is  w  -  0.082  so  that  &  •  0.16.  If  only  the  first  pump  resonator 
is  used  (i.e.,  just  the  resonant  diode  circuit  along  with  the  Kl2  adjust¬ 
able  coupling  stub)  and  i  f  theK12  coupling  stiu  were  adjusted  so  as  to 
give  a  perfect  match  to  the  50-ohm  pump  input  line  at  midband,  then 
the  reflection  loss  at  the  band  edges  would  be  about  10.9  db.  If  the 
K]2  coupling  stub  were  adjusted  in  accordance  with  an  optimum  n  '*  1 
design,  as  determined  using  the  prototype  data  in  Sec.  4.09,  the  loss 
at  the  band  edges  would  he  (^4)..,  *  5.6  db  while  the  I0S3  at  midband 
would  be  (l*A)miB  *  5.3  db.  Adding  an  additional  resonator  to  give  an 
n  ■  2  design  reduces  the  pass-band  loss  limits  to  (l‘A)mtt  •  3.3  db  and 
(L.A)aitt  *  2.5  db.  An  n  *  4  design  would  give  *  2.5  db  and 

(Lj|)ii|i*  2.3  db,  while  an  n  »  design  would  give  (LA)mtn  * 

2.0  db.  It  is  seen  that  going  from  an  n  ■  1  to  an  n  •  2  design  gives 
a  very  large  improvement,  and  that  the  incremental  improvement  for 
increasing  values  of  n  decreases  very  rapidly. 

Other  Forms  of  Coupled-Resonator  Matching  Networks  —  It  would  also 
b~  possible  to  construct  a  matching  network  in  the  form  shown  in 
Fig.  11.08-10,  which  has  no  inverter  between  the  load  and  the  adjacent 
matching-network  resonator.  This,  however,  is  usually  not  very  practical 
except  in  the  cases  of  relatively  wide-band  matching  networks.  The  slope 
parameter  of  Hesonator  2  cannot  be  chosen  arbitrarily  in  this  case,  and 
for  narrow,  bandwidths  will  often  become  so  large  as  to  be  difficult 
to  realize  with  practical  circuitry.  The  dual  case  where  the  first 
resonator  of  the  matching  network  is  in  series  would  be  especially 
di f ficult. 

The  design  procedures  in  Sec.  11.09  can  give  designs  which  are  more 
or  less  equivalent  to  that  in  Fig.  11.08-10,  but  a  different  point  of 
view  is  used.  As  indicated  above,  such  designs  become  most  practical 
for  relatively  large  bandwidths,  say,  around  30  percent  or  more. 

Thia  drop  in  diodo  circuit  Q  woo  due  to  the  ohunt  copocitonce  introduced  by  the  output 
reoonotor  eeuaing  the  diode  intereol  reoiotunce  to  be  ooaewhot  note  tightly  coupled. 


694 


►f 


JLil 

«*o"a 


/K*< 

^•TT 


**n/*tl 


■A 


tn» 
%<  *i»i  “ 


WHERE  AMD  0,  MAY  DC  CHOSEN  ARBITRARILY 


FIG.  11.08-10  AN  ADDITIONAL  GENERAL  FORM  OF  COUPLED-RESONATOR- 
FILTER  IMPEDANCE-MATCHING  NETWORK 
The  dual  of  this  circuit  applies  whan  tha  load  is  shunt  rosonant 


SEC.  11.09,  DESIGN  OF  BAND-PASS  IMPEDANCE-MATCHING 
NETWORKS  BY  THE  METHODS  OF  CHAPTER  10 

In  this  section,  discussion  of  the  design  of  impedance-matching 
networks  will  be  continued  so  as  to  cover  the  design  of  matching  net¬ 
works  of  relatively  large  bandwidths.  The  underlying  fundamentals  are 
much  the  same  as  those  discussed  in  Sec.  11.08,  but  the  procedures  are 
modified  to  use  the  design  point  of  view  of  Chapter  10. 

In  the  methods  of  this  section  the  load  is  first  brought  to  series- 
or  shunt- resonance  at  midband  fQ,  just  as  was  discussed  in  Sec.  11.08. 
However,  since  relatively  large  bandwidths  are  involved  in  this  case 
it  may  be  desirable  to  use  something  other  than  the  Q  of  the  load  as 
a  basis  for  computing  the  load  decrement  S.  This  is  because  the  Q 
of  the  load  will  typically  be  relatively  low  for  cases  where  a  wide-band 
match  is  required,  and  also  because  it  may  be  desirable  to  examine  the 
impedance  or  admittance  characteristics  of  the  load  more  thoroughly 
than  is  implied  by  a  Q  measurement  alone. 

Figure  11.09-1  shows  a  suggested  procedure  for  computing  the  required 
load  parameters  S  and  fl 4  or  GA.  The  impedance  or  admittance  characteristics 
of  the  resonated  load  are  measured  across  the  frequency  band  of  interest, 
snd  then  the  required  parameters  are  readily  determined  from  the  measured 
data  as  indicated  in  the  figures.  Note  that  the  frequencies  / (  and 
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(a)  CASE  OF  J0CALI2ED  SENIE5 -RE SONATEO  LOAD  ZL 


(D)  CASE  OF  IDEALIZCO  SHUNT -ME  SON  ATE  D  LOAD  \ 


FIG.  11.09-1  DEFINITIONS  OF  LOAD 
PARAMETERS  IN  A  FORM 
CONVENIENT  FOR  WIDE¬ 
BAND  MATCHING 

Frequanciat  f(  and  fj  ora  tha 
adgat  of  tha  band  for  which  an 
impedance  match  is  dosirad 


indicated  in  the  figures  are 
the  edges  of  the  frequency 
band  over  which  a  good  impedance 
match  is  required.  In  the 
figure  the  characteristics  are 
idealized  in  that  the  real 
parts  are  constant  with  fre¬ 
quency  and  the  imaginary  parts 
have  odd  symmetry  about  /Q  so 
that  the  magnitude  of  the 
imaginary  part  of  the  impedance  or 
admittance  is  the  same  at  /{  as  it  is 
at  /  Note  that  on  this  basis 
the  decrement  S  is  simply  the 
ratio  of  the  real  part  at  / 
to  the  magnitude  of  the  imagin¬ 
ary  part  at  either  /(  or  /2> 

In  practical  cases  where  the 
load  impedance  or  admittance 
characteristic  may  deviate 
appreciably  from  these  ideal¬ 
ized  symmetrical  characteristics, 
average  values  should  be  taken 
using  the  definitions  in  terms 
of  the  idealized  cases  as  a 
guide.  An  example  of  a  non- 
idealized  case  will  be 
discussed  later  in  this  section. 


After  the  parameters  Ra 
or  G^,  and  the  decrement  b  have 
been  determined  for  the  load, 
an  appropriate  low-pass  prototype  filter  should  be  selected  to  have  the 
required  5  value,  as  discussed  in  Sec.  4.09  and  4.10.  The  specified 
value  of  RA  or  CA,  the  prototype  filter  parameters,  the  specified  internal 
resistance  of  the  generator  which  is  to  drive  the  load,  the  specified 
fractional  bandwidth  w,  and  the  specified  center  frequency  /  ,  then 
control  the  design  of  the  matching  network. 
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Figure  11.09*2  show*  •  form  of  impedance-matching  network  which  can 
be  deeigned  by  the  method*  of  Chapter  10.  The  load  aa  ahown  ia  of  a 
form  which  would  have  an  idealised  symmetrical  impedance  characteriatic 
of  the  form  in  Fig.  11. 09 -1(a) ;  however,  aa  an  example  will  aoon  ahow, 
matching  networks  of  the  sort  in  the  figure  can  be  useful  for  consider¬ 
ably  more  complex  loads  with  impedance  characteristics  which  deviate 
considerably  from  the  idealised  symmetrical  form.  The  matching  network 
in  Fig.  11.09*2  could  be  constructed  in  atrip-line  form  such  as  that  in 
the  filter  in  Figs.  10.03-5(a),  (b),  and  (c).  Alao,  if  desired,  the 
matching  network  could  be  converted  into  paral lei -coupled  strip-line 
form.  This  could  be  accomplished  by  splitting  each  shunt  stub  F4 
(except  for  F s  and  <a)  into  two  parallel  stubs  F'  and  Y"  such  that 
F'  +  FJ  ■  F4.  Then  the  filter  can  be  broken  into  open-wi re- line  sections 
such  as  that  on  the  right  side  of  Fig.  S. 09- 2(a),  which  are  exactly 
equivalent  to  atrip-line  paral 1  el  -  coupled  sections  such  as  that  on  the 
left  aide  of  Fig.  5.09-2(a).  The  parallel-coupled  line  section  admittances 
are  obtained  by  use  of  the  relations  in  Fig.  5.09-2(a),  and  the  line 
dimensions  can  be  obtained  from  the  line  admittances  by  use  of  the  data 
in  Sec.  5.05.  Whether  the  stub  or  paral lei -coupled  form  is  preferable 
would  depend  mainly  on  what  dimensions  were  practical.  The  stub  form 
would  probably  be  convenient  in  most  cases,  though  the  para  1  lei -coupled 
form  has  additional  adjustability  since  it  would  not  be  difficult  to 


I - 1 


FIG.  11.09-2  IMPEDANCE-MATCHING  NETWORK  FORMED 
FROM  STUBS  AND  CONNECTING  LINES 
The  series  stub  Z , ,  the  shunt  stubs  Y^,  and  the 
connecting  lines  are  all  a  quarter- 

wavelength  long  at  midbond 
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provide  for  experimental  adjustment  of  the  spacing  between  the  parallel- 
coupled  elements.  This  would  be  equivalent  to  adjusting  the  line 
admittances  +  l  in  Fig.  11.09-2.  Experimental  adjustment  of  these 
line  admittances  might  be  desirable  in  cases  where  the  load  impedance 
is  quite  complicated  and  deviates  greatly  from  the  idealised  symmetrical 
case  in  Fig.  11.09*l(a),  ao  that  some  cut-and-try  procedures  are 
desirable. 

Table  11.09-1  preaenta  design  equations  for  impedance-matching  net¬ 
works  of  the  form  in  Fig.  11.09-2.  These  design  equstions  were  derived 
in  essentislly  the  same  way  as  were  the  design  equations  for  the  fibers 
in  Secs.  10.03  and  10. OS.  (The  derivations  of  the  design  equations  in 
Secs.  10.03  and  10.05  were  discussed  in  Sec.  10.08.)  The  main  difference 
is  that  tb.^more  general  modified  low-pass  prototype  in  Fig.  11.09-3 
was  used  for  the  equations  in  Table  11.09-1.  Comparing  this  prototype 
with  the  one  in  Fig.  10.08-6,  note  that  the  prototype  in  Fig.  11.09-3 
does  not  use  a  aeries  coil  on  the  right,  and  provision  has  been  made  so 
that  the  t  rmination  t  on  the  right  can  be  specified  arbitrarily.' 
Amultiplving  factor  t  has  been  included  which  is  introduced  so  as  to 
alter  the  impedance  level  as  gradually  as  possible  from  one  aide  of 
the  prototype  to  the  other,  by  making  ■  *Ct  for  k  *  2  to  n  ~  2. 

The  relations  between  the  prototype  and  the  stub  filter  in  Fig.  11.09-2 
are  much  the  same  as  for  the  cases  discussed  in  Sec.  10.08.  The 
parameter  d  in  Table  11.09-1  can  be  chosen  0  <  d  so  as  to  adjust  the 
admittance  level  within  the  filter.  Typical  convenient  values  are 
d  ■  0. 5  to  1. 

Figure  11.09-4  shows  an  is  tedance-matching  network  for  use  with  a 
shunt-resonated  load.  This  circuit  is  the  dual  of  that  in  Fig.  11.09-2, 
except  that  the  filter  has  been  converted  to  paral lei -coupled  form  by 
use  of  the  relations  in  Fig.  5.09-2(b).  Since  series  stubs  are 
difficult  to  realise  in  a  shielded  construction,  the  parallel-coupled 
form  of  this  filter  will  usually  be  the  practical  one  to  use.  Table 
Table  11.09-2  presents  design  equations  for  this  type  of  matching 
network. * 


Thaaa  daaiga  aquatioaa  vara  obtaiaad  from  tkoaa  ia  Tibia  11.09*1  by  duality,  which  lirat 
|«va  a  aatchiag  aatwork  coaaiatiag  of  aariaa  atuba  tad  coanactiag  liaaa.  Thaa  thii 
circuit  tia  coavartad  to  parallal-couplad  fora  uaiug  tba  ralatioaa  la  Fig*  S*09-2(b). 
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Tati*  11.09-1 


DESIGN  EQUATIONS  FOH  IMPEDANCE- MATCHING  NETVOMtS  OF  THE  FORM  IN 
FIG.  11.09-2  FOH  SERIES- RESONATED  LOAUS 


Dateraina  tha  low-paae  prototype  pirmtari  Iroa  the  load  dec re - 
aaat  I  aad  tha  data  ia  Saca.  4.09  and  4.10.  The  generator  raaiataaea 
Mg  may  bn  choaan  arbitrarily,  but  Mg  ia  a  paraaatar  of  tba  load  (aaa 
text).  Tba  fol  loving  aquation  a  apply  for  n  *  3. 


Confute: 


Ct  ‘  «J 


■Ik 


*  4*1  ta  a-1.  if  a>] 

(If  n*S  nail  tkia  aqaatiaa.  ) 


2dg.a 


l-I 


■  S3 


ahera  d  nay  bo  choaan  arbitrarily  oithin  linit  0  <  d  (aaa  taut). 
C'  ■  g,(l  -  d)  .  Cj  *  <.*, 


*  l»*J  to  i 


Lotting 


Ct-l  •  c»  *  C»  '  C» 

’  t  ■ 

*0  f  «»«IM 

I  ,  d  (/lat-nV  ♦  faLllflV 


Vi 


»»•»  to  a-1 


•here 


0\  ■  !(‘-t) 

and  •  *  (/ j  -  /|)//g  >*  tha  daaired  fractional  baadoidth. 


(continued  on  p.  700) 


♦ft 


Table  11.09-1  concluded 


Hie  characteristic  admittances  of  the  shunt  stubs  are; 


r»  =  t0  W  t,n  *■ 


■  4--** . -v-v) 

*  =  — uilc"  t in  0.  ♦  CAN  _.  - 

*Uj  *0  '  "  1  V  1 .  °A  ) 

Ute  characteriatic  admittances  of  the  connecting  lines  are: 


»=2l..-l  A\  G*  / 


WHIM  <V,!  IS  ARBITRARY  ,  ntS, 
Ai  *n.l 


’*<•*,  •  C„  * 


Ik*  3  TO  a*l 

c; c" •  ««, 


^nsl 

•c, 


WHCNf  «  MAY  at  CHOWN  ARBITRARILY  WITHIN  LIMIT  0  <  A. 


.  AS*  a 
v  nn.i 


FIC.  11.09-3  MODIFIED  LOW-PASS  PROTOTYPE  USED  IN  DERIVING 
THE  EQUATIONS  IN  TABLE  11.09-1 
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AWMXIMATIOM 
Of  LOAD 


*■  >»,’«»> 


FIG.  11.09-4  IMPEDANCE-MATCHING  NETWORK  IN  PARALLEL-COUPLED 
FORM  FOR  MATCHING  SHUNT-RESONATED  LOAD 
The  stub  Y,  and  the  poroilel-coupled  taction*  Sk  k>,  ora  oil  o 
quarter- wavelength  long  at  mid  band 


Let  ui  not  contider  tone  example*  of  iiipedance-natching  network 
deaign.  Figure  11.09-5  ahowa  a  lumped-element  load  network  which  haa  been 
brought  to  reaonance  at  /#,  and  the  figure  alao  ahowa  the  reaulting 
computed  impedance  characteriatic.  Let  ua  astute  that  a  good  match  it 
deaired  from  fx //#  ■  0.85  to  / a // #  ■  1.15,  which  call*  for  fractional 
bandwidth  of  »  ■  0.30.  From  Figa.  11.09*l(a)  and  11. 09-5 >  A4  ■  - 

33.33  ohaa.  However,  |/aZt|^  *  HO  ohma,  while  |  ImZl  |  f  «  95  ohma,  ao 
there  ia  aome  confuaion  about  the  calculation  of  8.  Aa  a  gueaa,  an 
in-between  value  of  100  ohaa  waa  uaed  for  aome  trial  calculationa  ao  that* 


S 


33.33 

100 


0.3 


Table  11.09-3  aummarixea  the  parameter*  and  reaulting  line  adaittancea 
for  aeveral  n  ■  3  deaigna  having  different  valuea  of  R§  or  different 
cboicea  for  the  parameter  d.  Note  that  Deaigna  1  and  2  both  uae  * 
100  ohma,  but  Deaign  1  uaea  d  •  I  while  Deaign  2  uaea  d  «  0.5. 


A  aaafal  aifaifieaat  (i|in  larittrtnlir  it  calculation*. 
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DESIGN  EQUATIONS  POH  I MPEDANCE -MATCHING  NETWORKS  OK  THE  FORM  IN 
FIG.  11.09-4  FOR  SHUNT- RESONATED  LOADS 


Determine  the  low-paaa  prototype  pereeieter*  (rye  the  load  decrement 
t  and  the  data  in  Seca.  4.09  and  4.10.  The  generator  conductance  Cg  nay 
be  choaen  arbitrarily,  but  ie  a  parameter  of  the  load  (aee  text).  The 
following  equationa  cover  ceaea  where  n  =  3. 

Compute: 


a 


ll  =  «J 


l=!t«»-l,  if  a' J 

(If  a  =3  own  tkie  equation.) 


M«2« 


*-2 


Nb  3 


*0*.*.»l 


where  d  may  be  choaen  arbitrarily  within  limit  0  *  d  (aee  text). 


Letting 


where 


Li  *  *a(1  " d)  ■  Lt  ‘  dh 


l[  -  i;_,  .  t;  »  \.k  -  L't  . 

*  *=3  to  a  *  1  *  * 


a  =  1. 

C4 


V**l  .  1  JLkLk*l 

Ra  *o7*k*kn 

*  k*i  to  a-l  0  '  *  *  * 


to  « 


•  yw  -(^y 

■*M) 


and  w  ■  (/j  -  /|)//g  ia  the  deaired  fractional  bandwidth. 


■V 


Table  11.09-2  cmcImIi^ 


Dm  evaa- 
If  a  ■  S 


4. 


aad  odd-aode  iapedaacea  of  tka  parallel -coupled  liaaa  ara: 
<C>u  '  l“  *i  ♦  »4  ^ 

•  '-nr1  tM  si  * "4  (*« '  if) 
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<0,,  •  ^  ’if) 
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»■*  to  »*1 
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FIG.  11.09-5  A  HYPOTHETICAL  LOAD  AND  ITS  COMPUTED  IMPEDANCE 


Tibia  11.09-3 

IMPEDANCE-HATCHING  NETWORK  DESIGNS  1  to  4  FOR  THE  IX) AO  IN  FIG.  11.09-5 
Tha  impedance-matching  network  is  of  the  form  in  Fig.  11.09-2 


For  all  designs  below;  w  «  0.30,  fl4  •  33.33  ohas,  S  •  0.30;  and  for 
■  »  3  Sec.  4.09  given  g„  *  1,  g,  *  3.10,  g,  «  0.S2,  gj  ■  2.10,  g4  *  0.40 
«'  ■  1.  <t4).„  *  1.2  db,  and  aA)alm  ■  0.9  db. 


Design 

4 

(okee) 

y2 

(ekes) 

yJl 

(ekes) 

(mbps) 

1 

100 

0.05494 

0.01095 

0.02495 

2 

1 

100 

0.05562 

0.01095 

0.02583 

3 

1.0 

20 

0.04495 

0.02449 

0.1549 

4 

1.0 

500 

0.06026 

0.004899 

0.002283 

Within  two  significant  figures  the  line  admittances  T2 ,  I'jj,  and  Tj 
of  the  matching  network  are  very  nearly  the  same.  This  is  to  be 
expected  since  the  choice  of  d  should,  in  theory,  not  affect  the  design 
unless  there  are  more  than  two  resonators  in  the  matching-network  portion 
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of  the  circuit.  (In  thia  case,  the  natching-network  portion  haa  only 
two  raaonators. ) 

Figuro  11.09*6  ahowa  tho  conputed  reaponae  of  the  load  in  Fig.  11.09*5 
connoctad  to  aiatcking*netwark  Deaign  1  of  Tablo  11.09*3.  The  daahed 
curve  ia  for  the  load  aa  ahown  in  Fig.  11.09*5  without  any  retuning. 

Note  that  the  attenuation  (i.«»  tranaducer  attenuation*)  curve  tilta  a 
little  to  the  right  becauae  of  the  diaayaaietry  of  the  reactance  curve 
of  the  loed.  The  aolid  curve  in  Fig.  11.09-6  ahowa  the  reault  of 
retuning  the  load  by  increuaing  the  oidband  inductive  reactance  Jfj  fro* 
340.3  ohaia  to  348  .  3  ohaia.  Note  that  the  effect  ia  to  correct  (actually 
overcorrect)  the  tilt  in  the  reaponae.  By  Figa.  4.09*3  and  4.09*4  the 


FIG.  11.09-6  TRANSDUCER  ATTENUATION  INTO  THE  LOAD  IN 
FIG.  11.09-5  USING  MATCHING-NETWORK  DESIGN  1 


U,  taa.  S.U  far  a  Uiacasaiaa  at  thia  tare. 
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peak  past-band  attenuation  into  the  load  ahould  be  1. 2  db  for  thie  caae, 
while  the  minimum  paaa-band  attenuation  should  be  about  0. 9  db.  Aa  can 
be  seen  froai  Fig.  11.09-6,  the  pass-band  ripple  characteristic  comes 
quite  close  to  meeting  these  values. 

Figure  11.09*7  shows  the  computed  attenuation  character! atica  for 
the  aaae  retuned  load  aa  described  above  (i.e.,  with  XL  ■  348.3  ohms), 
but  using  matching*network  Designs  3  and  4.  Note  that  for  Design  3 
the  generator  resistance  is  A,  ■  20  ohms,  while  for  Design  4,8,  *  500  ohms. 
Thus,  these  two  designs  cover  a  range  of  choice  of  generator  impedance 
of  25  to  1.  As  can  be  seen  from  the  figure,  the  choice  of  A,  had  no 
serious  effect  on  the  performance. 

Figure  11.09-7  also  shows  the  performance  when  no  aatching  network 
is  used  but  A,  is  chosen  to  match  the  load  impedance  at  resonance.  Note 


FIG.  11.09-7  TRANSDUCER  ATTENUATION  INTO  THE  LOAD  IN 
FIG.  11.09-5  USING  MATCHING-NETWORK  DESIGNS  3 
AND  4,  AND  ALSO  FOR  CASE  OF  NO  MATCHING- 
NETWORK 

In  all  cates  shown  the  load  Is  at  In  Fig.  11.09-5  except 
that  XL  has  been  increased  to  XL  ■  348.3  ohms  at  fg 


706 


that  the  attenuation  at  the  band  edgea  in  thia  case  ia  5.4  db  aa  compared 
with  around  1.2-db  maximum  attenuation  acroaa  the  3ft  percent  band  when 
an  n  ■  3  matching  network  ia  used.  By  Fig.  4.09-3,  for  a  load  with 
S  ■  0.3ft,  the  best  possible  pass-band  performance  even  with  an  infinite 
number  of  impedance-matching  resonators  would  have  a  pass-band  attenuation 
of  0.72  db. 

Figure  11.09-8  shows  another  series-resonated  load  whose  impedance 
characteristic  deviates  quite  markedly  from  the  idealised  symmetrical 
characteristic  in  Fig.  11. 09 -1(a).  Suppose  that  we  wish  to  match  over 
a  40-percent  band,  ReZt  varies  over  a  2  to  1  range  in  the  band  of 
interest,  while  the  reactance  characteristic  ia  also  unsymmetrical .  In 
this  case  flA  >  ReZL\  ^  -  20  ohms,  while  \lmZL\  ^  •  80  ohms  and 

\lmZL\ ^  ■  67  ohms.  Averaging  these  latter  two  values  give-:  73.5  ohms. 


FIG.  11.09-8  A  SERIES-RESONATED  LOAD  WHICH 
DEVIATES  MARKEDLY  FROM  THE 
IDEALIZED  CASE  IN  FIG.  11.09-1(o) 
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Th'i* ,  an  estimated  decrement  value  is 


8 


20 

73.5 


0.272 


Table  11.09*4  summarizes  the  parameters  of  an  n  ■  3  matching-network 
design  for  this  load. 


Table  11.09-4 

IMPEDANCE-MATCHING  NETWORK  DESIGN  S  FOR  THE  LOAD  IN  FIG.  11.09*8 
17ie  impedance-matching  network  ia  of  the  form  in  Fig.  11.09-2 


Design  parameters:  »  ■  0.40,  *  20  ohaia,  S  •  0.272;  and  for 
n  ■  3  Sec.  4.09  gives  gfl  *  1.00,  g,  ■  3.70,  g2  •  0.48,  g3  *  2.35, 
g4  *  0.36,  <*>1  *  1,  ■  1.4  db,  and  UA)mU  ■  1.07  db. 


4 

*4 

! 

( okmi ) 

(mko>) 

(mho«) 

(mko>) 

5 

1 

100 

0.06281 

0.01342 

0.01498 

Figure  11.09-9  shows  the  computed  transducer  attenuation  for  the 
matching-network  Design  5  in  Table  11.09-4,  used  with  the  load  in 
Fig.  11.09-8.  The  solid  curve  is  for  the  original  matching  network 
with  the  stubs  a  quarter-wave- length  long  at  frequency  fQ.  The 
dashed  curve  for  Design  5  was  computed  with  the  Fj  and  Fj  stubs 
lengthened  by  2.5  percent  in  an  effort  to  correct  the  skewedneaa  of 
the  response  curve.  Aa  can  be  seen,  this  achieved  the  desired  result 
but  with  a  small  loss  in  bandwidth.  Note  that  the  pass-band  ripple 
maxima  and  minima  are  reasonably  consistent  with  the  (f'g)aail  *  1.4  db 
and  {LA)ait  ■  1.07  db  values  predicted  for  8  *  0.272  using  Figs.  4.09-2 
and  4.09-3,  Figure  11.09-9  also  shows  the  attenuation  characteristic 
when  no  matching  network  is  uaed  but  the  generator  resistance  is 
chosen  so  as  to  give  a  match  at  resonance.  Note  that  on  this  basis 
the  attenuation  ia  5.9  db  at  the  lower  band  edge  and  about  6.85  db  at 
the  upper  band  edge. 

The  above  examples  show  that  though  the  procedures  for  matching- 
network  design  based  on  the  methods  of  Chapter  10  are  approximate,  they 
can  give  good  results  in  cloae  agreement  with  the  theory.  Also,  the 
techniques  described  in  this  section  are  seen  to  be  useful  even  if  the 
load  characteriatica  deviate  appreciably  from  the  idealized,  symmetrical 
characteristics  in  Fig.  11.09-1.  If  the  load  impedance  characteristics 


FIG.  11.09-9  TRANSDUCER  ATTENUATION  INTO  THE  LOAD  IN  FIG.  11.09-8 
WITH  AND  WITHOUT  MATCHING-NETWORK  DESIGN  5 
The  parameters  8^,  and  given  ora  the  electrical  lengths  of 
tha  linai  Y 2,  Yjj,  and  Y}  of  the  matching  notwork  at  frequency  fQ 


■re  skewed,  this  csn  often  be  compensated  for  by  minor  tuning  sdjustaents 
on  the  losd  or  on  the  resonsnt  elements  of  the  mstching  network. 

In  this  section  design  dsts  for  only  two  specific  types  of  widebsnd 
astching  networks  hsve  been  given.  Though  aost  of  the  other  structures 
in  Chspter  10  could  slso  be  used,  the  ones  given  in  this  section  were 
chosen  ss  particularly  useful  examples.  If  desired,  dsts  for  other 
foras  of  matching  networks  csn  be  obtained  by  the  methods  of  Chapter  10 
along  with  a  modified  low-pass  prototype  such  ss  that  in  Fig.  11.09-3. 
Other  forms  of  networks  may  be  desirable  in  special  situations  where 
they  might  give  more  practical  dimensions  for  the  impedance  levels  and 
■pace  limitations  involved. 

SEC.  11.10,  DESIGN  OF  WIDE-BAND  COUPLING  STRUCTURES 
FOR  NEGATIVE- RESISTANCE  AMPLIFIERS 

The  same  procedures  as  discussed  in  the  preceding  two  sections 
can  also  be  used  for  the  design  of  coupling  networks  for  negative- 
resistance  devices.  Consider,  for  example,  the  negative- resistance 
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amplifier  shown  in  Fig.  11.10*1.  The  required  negative  resistance  is 
assumed  to  have  been  achieved  by  use  of  a  device  such  as  a  tunnel  diode 
which  has  parasitic  reactive  elements  in  its  equivalent  circuit  as  well 
as  a  negative  resistance.  A  broad-banding  network  is  then  desirable  in 
order  to  compensate  for  the  effects  of  these  reactive  elements  so  as 
to  give  as  good  performance  as  possible  over  the  required  operating  band. 


FIG.  51.10.1  EXAMPLE  OF  THE  USE  OF  A  FILTER  STRUCTURE 
FOR  BROAD-BANDING  A  NEGATIVE-RESISTANCE 
AMPLIFIER 

The  nagotivs-resi  stance  it  at  turned  to  have  been 
achieved  uiing  a  device  tuch  at  a  tunnel  diode  which 
hat  parotitic  equivalent  reoctoncet  at  well  at  negative 
retittance 

In  Sec.  1.04  it  was  explained  that  a  negative  resistance  amplifier 
with  a  prescribed  response  characteristic  can  be  obtained  by  first 
designing  a  related  filter  having  the  specified  negative  resistance 
replaced  by  a  positive  resistance  of  the  same  magnitude.  Then  when  a 
circulator  is  placed  at  one  end  of  the  filter  and  the  specified  negative 
resistance  at  the  other,  the  desired  gain  charac a ter i s t i c  can  be  obtained. 
Section  4.11  along  with  Sec.  4.10  explained  how  to  obtain  element  values 
for  a  low-pass  prototype  so  as  to  achieve  a  given  gain  characteristic 
in  a  negat i ve- resi stance  amplifier. 

The  following  procedure  is  suggested  for  the  design  of  coupling 
networks  for  negative-resistance  amplifiers  of  this  sort: 

(1)  The  negati ve- resi stance  device  should  be  mounted  as  it  will  be 
in  the  finished  amplifier  including  any  voltage  bias  leads, 
etc.  The  negat i ve- resis tance  device  should  be  brought  to 
resonance  at  the  desired  midband  frequency  /  by  adding  an 
additional  reactive  element. 
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(2)  If  the  device  is  resonated  in  series,  the  impedance  character* 
istic  of  the  device  should  be  determined.  If  the  device  was 
resonated  in  shunt,  its  admittance  characteristic  should  be 
determined. 

(3)  The  real  part  of  the  impedance  or  admittance  characteristic  will 
be  negative.  The  real  and  imaginary  part  of  the  characteristic 
ahoild  be  plotted,  but  with  the  sign  of  the  real  part  changed 

to  positive.  (This  corresponds  to  changing  the  negative 
resistance  in  the  equivalent  circuit  of  the  device  to  a  positive 
resist an ce. ) 

(4)  The  decrement  &  of  the  plotted  load  characteristic  for  the 
desired  operating  bandwidth  should  be  determined  as  indicated 
in  Fig.  11,09*1  and  the  examples  of  Sec.  11.09.  The  parameter 
fiA  or  Ga  should  also  be  obtained. 

(5)  The  low*pass  prototype  for  the  coupling  network  is  determined 
as  described  in  Sec.  4.11. 

(6)  Using  the  specified  fiA  (or  C A)  parameter  of  the  load  along 
with  the  low-pass  prototype  parameters  and  the  specified 
resistance  fig  (or  conductance  Ci()  looking  into  the  circulator, 
the  coupling  network  is  designed  in  the  same  manner  as  the 
matching  networks  discussed  in  Secs.  11.08  and  11.09. 

The  resonated  neg at i ve - resi stance  device  in  the  example  in  fig.  11.10*1 
has  the  same  equivalent  circuit  aa  the  load  in  Fig.  11.09-8,  except 
for  the  negative  resistor.  Plotting  -fieZ  L  and  lmZ  L  for  the  resonated 
negat i ve* resi stance  device  in  Fig.  11.10-1  would  give  a  characteristic 
of  the  same  general  form  as  that  in  Fig.  11.09*8,  and  the  determination 
of  the  decrement  8  would  be  done  in  the  same  manner  as  was  described 
with  respect  to  that  figure.  The  design  of  the  coupling  network  would 
follow  the  same  procedures  as  that  for  Design  5  which  was  summarized 
in  Table  11.09-4,  except  for  that  the  factors  controlling  the  choice 
of  the  low-pass  prototype  would  be  somewhat  different.  In  the  case  of 
Design  5  of  Sec.  11.09  it  was  assumed  desirable  to  minimize  hence 

the  prototype  element  values  were  obtained  from  F'ig.  4.09-7  which  gives 
element  values  which  are  optimized  for  that  requirement.  However,  in 
the  case  of  a  uegati ve- res i si unce  amplifier,  a  flat  gain  characteristic 
may  be  a  dominant  requirement,  and  using  the  procedures  of  Secs.  4.  10 
and  4.11  a  somewhat  different,  prototype  might  be  chosen. 


Mule  in  S«c.  4.11  that  fur  reanuna  of  circuit  stability  ■■  well  otto  obtain  maxi nun  bandwidth, 
the  prototype  eleaeiita  and  f|  (rather  than  §n  and  f )  BU<t  be  associated  with  the 
raaonated  nagai ne-raaialance  device. 
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*<•  is  interesting  to  note  what  the  gain  of  the  circuit  in  Fig.  11.10*1 
would  be  if  the  plots  in  Fig.  11.09-8  were  its  -fte2t  and  load 

characteristics  and  if  the  matching  network  Design  5  of  Table  11.09-4 
were  used  as  the  coupling  network.  Referring  to  the  alightly  retuned 
response  for  Design  5  in  Fig.  11.09-9,  by  use  of  the  graph  in 
Fig.  4.11-1,  we  see  that  the  peak  tranaducer  gain  in  the  pass  band  would 
be  about  7  db  [corresponding  to  (LA)mitl  of  about  1  db]  ,  while  the 
minimum  gain  in  the  pass  band  would  be  about  6  db  [correspondi ng  to 
of  about  1.45  db]  .  For  this  specified  negative-resistance 
device,  if  more  gain  were  desired  with  the  same  pass-band-gain-variation 
tolerance,  it  would  be  necessary  to  go  to  a  narrower  bandwidth. 

Additional  diacussions  of  negative-resistance  amplifiers  will  be 
found  in  Ref.  8,  and  in  numerous  other  references.  The  case  of  parametric 
amplifiers  is  similar  in  some  respects,  but  is  complicated  by  the  manner 
in  which  the  impedance  seen  at  the  idler  frequency  is  reflected  through 
the  time-varying  capacitance  of  the  diode  as  an  added  impedance 
component  seen  at  the  input  frequency. * 

SEC.  11.11,  RAND-PASS  TIME- DELAY  FILTERS 

Although  all  of  the  information  required  for  the  design  of  band-pass 
time-delay  filters  has  been  presented  previously,  it  appears  desirable 
to  review  some  of  the  band-pass  delay-filter  design  procedures.  Some 
general  concepts  related  to  time-delay  filters  were  discussed  in 
Sec.  1.05;  element  values  and  related  data  were  given  i-n  Sec.  4.07  for 
low-paaa  prototype  filters  having  maximally  flat  time  delay,  and  in 
Sec.  4.08  the  time-delay  characteristics  of  filters  with  Tchebyscheff 
and  maximally  flat  attenuation  characteristics  were  compared  with  those 
of  maximally  flat  time-delay  networks.  It  was  noted  in  Sec.  4.08  that 
for  many  cases  a  Tchebyscheff  filter  having  small  pass-band  ripple 
(say  0.1  db  or  less)  may  make  a  more  desirable  type  of  time-delay 
network  than  will  a  maximally  flat  time-delay  network.  This  is  because 
although  the  maximally  flat  time-delay  network  has  a  more  nearly 
conatant  time-delay  characteristic,  its  attenuation  may  vary  considerably 
over  the  range  of  interest.  Thus,  in  cases  where  both  the  attenuation 
and  delay  characteristics  are  important,  Tchebyscheff  filters 
with  small  paaa-band  ripple  may  make  an  excellent  compromise. 

Let  us  suppose  that  a  band-pass  time-delay  filter  is  desired  to  give 
0.016  microsecond  delay  in  an  operating  band  from  1000  to  1100  Me,  and 
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that  fro*  the  discussion  in  Sec.  4.08  it  ia  decided  to  uae  a  Tchebyacheff 
low-paaa  prototype  for  the  delay  filter  having  0.01-db  paaa-band  ripple. 
By  Eq.  (4.08*4)  the  midband  time  delay  t  for  the  band-paaa  filter  ia 


t 


^o 


aeconda 


(11.11-1) 


where  and  oj are  the  radian  band-edge  frequenciee  of  the  band-paaa 
filter  cor reaponding  to  the  band-edge  frequency  a>|  of  the  low-paaa 
prototype,  and  ia  the  tiee  delay  in  aeconda  of  the  low-paaa  prototype 
aa  a/-  0.  For  the  problem  at  hand, 


,  /“* a  "  \ 

— — - /  aeconda  (11.11-2) 

6 . 28 (  1 100- 1000 )  10®  . . 

■  - — -  (0.016  x  10  6) 

2(  1) 

*  5.02  seconds, 

where  <*>J  -  1  is  assumed  for  the  low-pass  prototype.  By  Eq.  (4.08-2), 


do 


=  C 


(11. 11-3) 


where  by  Fig.  4.13-2,  for  a  Tchebyacheff  filter  with  0.01-db  ripple, 
and  a  band-edge  frequency  of  •  1  radian/sec,  for  n  ■  7,  C7  *  4.7  seconds, 
while  for  n  ■  8,  C#  «  5.7  seconds.  Letting  n  »  8  so  t'd0  ■  Cg  »  5.7  seconds, 
the  deaired  delay  can  be  obtained  by  enlarging  the  bandwidth  aiightly 
so  that 


CO  —  CO 

2  1 


<0 


(11. 11-4) 


f  j  ~  f  l 


2(1)5. 7 

0. 016 ( 10-6) 

7.14  x  10» 
6.28 


■  7.  14  x  10®  rad/sec. 


•  113  Mc/sec. 
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Thus,  •  band-pass  filter  designed  from  a  0. 01-db- ri pple,  n  ■  3 
Tchebyscheff  prototype  [whose  element  values  are  tabulated  in 
Table  4.05-2(a)]  so  as  to  give  a  113-Mc  pass-band  centered  at  1050  Me 
should  have  the  desired  midband  time  delay.* 


When  using  Eq.  (11,11-1),  it  should  be  realized  that  it  is  based  on 
the  assumption  that  the  low-pass  prototype  phase  characteristic  mups 
linearly  into  the  band-pass  fitter  phase  characteristic,  so  that  the 
frequency  mapping 


(11.11-5) 


where 


and 


W2  +  wl 


is  valid.  The  mapping  Eq.  (11.11-5)  is  generally  accural e  for  narrow- 
band  designs  (i.e.  ,  for  designs  with  fractional  bandwidlhs  of,  say, 
around  w  ■  0.05  or  leas),  and  depending  on  the  type  of  filler  it  may 
have  satisfactory  accuracy  to  quite  large  bandwidtlis.  However,  it 
should  be  reulized  that  to  the  degree  that  the  band-pass  filter  puss-band 
characteristics  vs.  frequency  are  not  a  linear  mapping  of  the  low-pass 
filter  pasa-band  characteristics,  the  shapes  of  the  low-pass  and  band¬ 
pass  time-delay  characteristics  will  differ  since  time  delay  is  the 
derivative  of  the  phase  with  respect  to  frequency. 

Another  factor  that  can  alter  the  time-delay  characteristic  of  the 
band-pass  filter  from  that  of  its  prototype  is  the  dissipation  loss, 
la  general,  the  dissipation  loss  in  a  filter  tends  to  cause  the  natural 
frequencies  of  vibration  of  a  circuit  to  move  toward  the  left  side  of 
the  complex  frequency  plane  away  from  the  ;<•>  axis  (see  Secs.  2.02  to 
2.04).  This  will  cause  the  phase  and  time-delay  characteristics  to  be 
somewhat  different  thin  they  would  be  if  the  filter  circuit  had  no 
dissipation  loss,.  For  cases  where  the  attenuation  due  to  dissipation 
is  not  large  (say  a  few  tenths  of  a  db  or  less),  the  alteration  of  the 

• 

This  muaei  that  the  ti»«  daisy  due  to  the  physical  length  of  tha  aticrowawe  filter  can  be 

neglected,  as  ia  usually  true. 
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tine-delay  characteristic  due  to  thia  cause  ia  probably  snail.  The 
part  of  the  response  where  attenuation  will  be  nost  evident  will  be 
near  the  band  edges,  and  there  it  should  tend  to  snooth  the  tine-delay 
characteristic,  which  should  not  be  harnful. 
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CHAPTER  lit 


lUND-STOP  FILTERS 

SEC.  12.01,  INTRODUCTION 

in  Most  «icrowave  ayateaa  the  signal  frequency  has  to  be  transmitted 
and  guided  from  one  place  to  another  with  a  minimum  of  attenuation,  while 
unwanted  frequencies  are  strongly  sttenuated  by  band-pass  filters  which 
pass  the  signal  frequency  with  low  attenuation.  The  common  types  of  band¬ 
pass  filter  provide  adequate  protection  for  most  applications.  However, 
should  some  interfering  frequency  be  particularly  strong,  special  measures 
may  have  to  be  taken  to  suppress  it;  or  when  a  limited  number  of  fre¬ 
quencies  are  generated  in  a  frequency  generator  system,  high  attenuation 
may  be  needed  only  at  certain  frequencies.  In  such  cases,  a  band-pass 
filter,  which  discriminates  against  wide  ranges  of  frequencies  outside 
the  pa 8 s  band,  will  not  be  as  efficient  as  one  or  more  band-stop  filters 
which  discriminate  against  speciiic  unwanted  frequencies. 

Figure  12.01-1  shows  two  types  of  band-stop  filters  to  be  discussed 
in  this  chapter.  Both  of  these  filters  are  useful  for  situations  where 
relatively  narrow  stop  bands  are  desired.  The  s t rurt ure  i n  Fi g .  12.01-l(a) 
is  moat  suitable  for  designs  having  stop-band  widths  of,  say,  around 
20  percent  or  less,  while  the  same  statement  would  also  apply  for  the 
structure  in  Fig.  12.01-Hb)  if  reciprocal  guide  wavelength  (i.e.,  l/\f) 
is  used  as  the  frequency  variable.  The  structure  in  Fig.  12.01-l(a)  can 
he  fabricated  in  either  strip  line  or  coaxial  line,  and  it  uses  capaci- 
tively  coupled,  band-slop  resonator  stubs  which  are  spaced  a  quarter 
wavelength  apart  at  the  stop-band  center  frequency.  The  waveguide  filter 
structure  in  Fig.  12.01-i(b)  is  similar  in  principle,  but  uses  hand-stop 
resonator  cavities  which  are  coupled  to  the  main  waveguide  by  inductive 
irises.  In  order  to  avoid  interaction  between  the  fringing  fields  at  the 
various  resonator  irises,  the  resonators  are  spaced  three  quarter  guide 
wavelengths  apart. 

Figure  12.01-2  shows  another  type  of  band-stop  filter  discussed  in 
this  chapter.  The  structure  shown  is  of  atrip- line  form,  though  the 
stubs  are  often  most  conveniently  made  from  wire  rods.  This  type  of 
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FIG.  12.01-1  STRIP-LINE  AND  WAVEGUIDE  STRUCTURES  FOR  BAND-STOP 
FILTERS  WITH  NARROW  STOP  BANDS 


FIG.  12.01-2  A  BAND-STOP,  STRIP-LINE  FILTER  STRUCTURE 
HAVING  A  BROAD  STOP  BAND 


filter  cen  be  designed  to  give  quite  wide  stop  band*,  with  well  controlled 
Tchebyacheff  or  maxiaially  flat  paaa  banda,  or  paaa  banda  of  other  shapes 
between  the  stop  bands.  The  atop  bands  are  centered  at  frequencies  where 
the  open-circuited  stubs  are  a  quarter-wavelength  long  or  an  odd  multiple 
of  a  quarter-wavelength  long.  The  structure  in  Fig.  12.01-2  could  in 
principle  alao  be  used  for  filters  having  narrow  stop  bands;  however,  as 
the  stop-band  width  becomes  narrower,  the  stub  impedance  required  may 
become  very  high.  In  order  to  avoid  unreasonable  impedances,  the  struc¬ 
tures  in  Fig.  12.01-1  become  preferable  for  narrow. stop. band  or  relatively 
narrow-atop-band  cases. 


SEC.  12.02,  LUMPED -ELEMENT  BAND-STOP  FILTERS  FROM 
LOW -PASS  PROTOTYPES 

A  low-pass  filter  prototype  such  as  those  discussed  in  Sec.  4.05  can 
be  transformed  by  suitable  frequency  transformations  into  either  a  band¬ 
pass,  a  high-pass,  or  a  band-stop  filter.  The  transition  from  low-pass 
to  band-stop  characteristic  can  be  effected  by  the  transformation 


1 


(12.02-1) 
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where  to'  stands  for  the  radian  frequency  of  the  low-pass  prototype  filter 
and  c*>  for  that  of  the  band-atop  filter.  The  remaining  quantitiea  in 
Eq.  (12.02-1)  are  defined  in  Figs.  12.02-1  and  12.02-2. 

It  can  be  seen  from  Eq.  (12.02-1)  and  Figs.  12.02-1  and  12.02-2  that 
the  prototype-  and  band- stop  - f i 1  ter  frequencies  in  Table  12.02-1  correspond. 
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FIG.  12.02-1  LOW-PASS  PROTOTYPE  FILTER:  (o)  AND  (b),  FOUR  BASIC  CIRCUIT  TYPES. 

DEFINING  THE  PARAMETERS  g0,  g, . g,,„;  (c)  AND  (d),  MAXIMALLY  FLAT 

AND  EQUI-RIPPLE  CHARACTERISTICS,  DEFINING  THE  BAND-FDGE 
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FIG.  12.02-2  BAND-STOP  FILTER:  (o)  AND  (b),  FOUR  BASIC  CIRCUIT  TYPES  DERIVABLE 
FROM  THEIR  FOUR  LOW-PASS  COUNTERPARTS  IN  FIG.  12.02-1;  (c)  AND  (d), 
MAXIMALLY  FLAT  AND  EQUI-RIPPLE  CHARACTERISTICS  DEFINING  CENTER 
FREQUENCY  r<>0,  AND  FRACTIONAL  BANDWIDTH  w 


721 


Tabic  12.02-1 

RELATION  BETWEEN  VARIOUS  FREQUENCIES 
IN  IRE  PROTOTYPE-  AND  BAND- STOP 
FILTER  RESPONSES 


cjC  >.u' 

I  »  • 


To  obtain  the  Lt  and  in 
Fig.  12 . 02- 2  in  terms  of  the  g.  in 
Fig.  12.02-1,  it  is  simpler  (but  not  es¬ 
sential )  to  derive  Fig.  12. 02-2(a)  from 
Fig.  12,02-lU)  and  Fig.  12. 02- 2(b) . 
from  Fig.  12. 02- 1(b)  so  that  series  im¬ 
pedances,  go  over  to  other  series  imped¬ 
ances,  and  shunt  admi ttances  to  other 
shunt  admittances.  Multiplying  both 
aidesofEq.  ( 12. 02- 1 )  by  l/g( ,  one  ob¬ 
tains  the  desired  relation.  For 
shunt  branches,  equating  reactances, 


(12.02-2) 


which  reduces  to 


V< 


1  _  1 
woCi  •"Ui 


(12.02-3) 


For  series  branches,  equating  susceptances , 


which  reduces  to 

„  1  1 

U).C  *  —  ■  — - — 

°  1  Vy  «».«, 


(12.02-4) 


(12.02-5) 


The  reactance  elope  parameter  «  of  a  resonator  reactance  X  ■  uL  ~ 
\/o£  is 


«  ■ 


^  dX_ 

2  dui 


V 


1 

oi#C 


(12.02-6) 
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and  similarly  the  tuiceptance  slope  parameter  4  of  ■  resonator  susceptsnce 
B  *  uC  ~  1  /a)L  is 


^  n 


h  — 

2  dco 


co«C 


1 

u0L 


(12.02-7) 


Now  Eq.  (12.02-3)  for  a  shunt  branch  becomes 

a,  *  — (12.02-8) 

and  Eq.  (12.02-5)  for  s  series  branch  becomes 

V  ■  — ~  (12.02-9) 

'  "|  *; 

The  circuits  shown  in  Fig.  12.02-2  have  the  same  impedance  levels  aa  the 
prototypes  in  Fig.  12.02-1.  To  change  to  another  impedance  level,  every 
H  and  every  L  should  be  multiplied  by  the  impedance  scale  factor  while 
every  G  and  every  C  should  be  divided  by  it. 

SEC.  12.03,  THE  EFFECTS  OF  DISSIPATION  LOSS  ON  BAND-STOP 
FILTER  PERFORMANCE 


The  discussion  in  this  section 
lumped-element  band-stop  filters  in 
also  applies  to  the  microwave- 
filter  structures  such  as  those 
in  Figs.  12.01-1  and  12.02-2. 

The  solid  lines  in 
Fig.  12.03-1  show  the  attenua¬ 
tion  characteristic  of  a  typical 
band-stop  filter  of  the  forms  in 
Fig.  12.02-2  for  the  situation 
where  the  resonators  have  no 
dissipation  loss.  However,  in 
practical  filters  there  will  in¬ 
evitably  be  dissipation  loss,  and 
the  dashed  lines  in  Fig.  12.03-1 


will  be  phrased  in  terms  of  the 
Sec.  12.02;  however,  this  discussion 


FIG.  12.03-1  THE  EFFECTS  OF  DISSIPATION 
LOSS  IN  A  BAND-STOP  FILTER 
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illustrate  ita  effecta  on  filter  perforaiance.  Note  that  the  attenuation 
no  longer  goea  to  infin'ty  at  ctiQ,  but  inatead  level*  off  at  aoaie  finite 
value.  Alao  note  that  near  the  edgea  of  the  paaa  banda  of  the  filter 
there  ia  an  appreciable  increaae  in  the  paaa-band  attenuation  aa  a  reault 
of  the  diaaipation.  However,  thia  increaae  in  paaa-band  attenuation  due 
to  diaaipation  decreaaea  rapidly  aa  the  frequency  movea  away  froo  the 
atop  band. 

Figure  12.03-2  shows  a  filter  of  the  type  in  Fig.  12.02-2  with  re¬ 
sistors  added  to  account  for  the  dissipation  loss  of  the  resonatora.  If 
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FIG.  12.03-2  A  BAND-STOP  FILTER  WITH  DISSIPATION,  AND 
FORMULAS  FOR  COMPUTING  THE  EFFECTS  OF 
THE  DISSIPATION 
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I 


the  unloaded  <?'•  of  the  resonators  are  O.j.O.j’  •••>  etc- >  then  for  the 
shunt  branches  of  the  circuit 

„  Q.» 

C4  -  -  (12.03-1) 

where  «4  is  the  reactance  slope  parameter  of  the  resonator,  while  for  the 
series  branches  of  the  circuit 


(12.03-2) 


where  ^  is  the  ausceptance  slope  parsaeter  of  the  resonator. 

Figure  12.03-2  slso  presents  a  foraula  for  computing  the  attenuation 
of  the  filter  at  the  peak  attenuation  point  o)g.  This  formula  was  derived 
from  the  low-pass  prototype  circuit  as  discussed  in  Sec.  4.15.  A  foraula 
is  also  given  in  Fig.  12.03-2  for  the  return  loss  at  frequency  ajfl.  This 
is  of  interest  if  a  band-stop  filter  is  required  to  provide  a  short-circuit 
(or  open-circuit)  to  an  adjacent  circuit  at  frequency  ooQ.  A  formula  is 
also  given  for  estimating  the  increase  in  attenuation  due  to  dissipation 
at  the  pass-band  edge  frequencies  and  o>2 .  This  latter  foraula  is  based 
on  several  rather  rough  approximations  which  were  discussed  in  Sec.  4.15. 
Though  it  is  not  highly  accurate,  this  formula  should  be  helpful  in  esti¬ 
mating  the  order  of  the  dissipation  loss  at  the  pass-band  edges.  (It 
should  give  the  AL4  in  db  at  oj,  and  o>2  within  a  factor  of  2  or  less.  ) 


SEC.  12.04,  AN  APPROXIMATE  DESIGN  PROCEDURE  FOR 

MICROWAVE  FILTERS  WITH  VERY  NARROW  STOP  BANDS 

In  this  section  a  design  approach  for  microwave  filters  with  very 
narrow  stop  bands  will  be  outlined.  This  approach  is  very  simple  and 
general  in  its  application.  However,  in  Sec.  12.09  will  be  found  another 
approach  which  will  give  superior  accuracy,  especially  if  the  stop-band 
width  is  appreciable.  However,  the  design  data  there  leads  to  designs 
which  are  somewhat  more  difficult  to  build  because  of  transmission- line 
steps  (which  are  not  required  when  using  the  procedure  of  this  section). 
Both  design  approaches  are  included  for  completeness. 

To  realise  a  band-stop  filter  in  transmission  line,  it  is  more  con¬ 
venient  to  use  only  shunt  branches,  or  only  series  branches.  The  circuit 
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of  Fig.  12 . 02- 2(a)  can  ba  converted  into  a  circuit  with  only  aeries- 
reaonant  ahunt  branchea  by  neana  of  inpedance  Inverters  (Sec.  4.12) 
which  here  are  approximated  by  90-degree  line  lengtha,  aa  shown  in 
Fig.  12.04-1.  The  reactance  alope  paranetera  of  thia  circuit  in  teraia 

of  the  low-paaa  prototype  paranetera  ge,gl . and  co\  are  aleo 

given  in  Fig.  12.04-1.  Theae  fornulaa  can  be  deduced  with  the  help  of 
Figa.  12.02-1  and  1 2 . 02 - 2 ■  and  the  inpedance-inverting  property  of 
quarter-weve  linea. 

In  the  circuit  of  Fig.  12.04-Ka),  the  output  inpedance  and  the 
input  inpedance  have  both  been  aet  equal  to  Z#.  In  the  caae  of  maxi¬ 
mally  flat  filtera,  or  Tchebyacheff  filtera  with  n  odd,  the  whole 
sequence  of  inpedance  invertera  can  be  uniform,  with  the  90-degree  linea 
all  having  inpedancea  Z t  ■  Z  Q.  However,  for  Tchebyacheff  filtera  with 
n  even,  the  low-paaa  prototype  ia  not  aynnetrical,  and  the  ainpleat  way 
to  obtain  a  aynnetrical  band- atop  filter  of  the  type  shown  in 
Fig.  12.0‘.-l(a)  ia  to  set  the  inpedancea  of  all  the  90-degree  lines  ’* 
equal  to  Z j,  which  ceaaea  to  be  equal  to  Z#,  and  ia  given  by 


1 

4  o®  »  ♦  l 


(12.04-1) 


aa  stated  in  Fig.  12.04-l(a). 

If  the  alope  parameters  determined  by  Fig.  12.04-l(a)  are  either 
too  small  or  too  large  to  realiie  conveniently,  they  nay  be  adjusted  up 
or  down  by  controlling  the  inpedancea  of  the  90-degree  lines.  The  for¬ 
nulaa  for  the  general  caae  ere  given  in  Fig.  1 2 . 04- 1(b).  They  reduce  to 
the  case  of  Fig.  1 2 . 04 -  1(a)  when  Zj  ■  Z2  ■  ...  ■  Z^.,.  It  should  be 
noted  that  if  the  Z(  are  choaen  to  be  very  unequal,  then  greater  reflec¬ 
tions  will  usually  result  somewhere  in  the  paas  band  than  would  occur 
with  a  uniform  inpedance  level  Zi  *  Z#.  This  is  because  the  90-degree 
line  aections  between  resonators  are  f requency-aensitive  and  approximate 
idealised  inverters  only  over  a  limited  frequency  range.  If  the  line 
sections  in  Fig.  12.04-1  were  replaced  by  ideal  inverters  (Sec.  4.12) 
then  the  responses  of  the  circuits  in  Fig.  12.04-1  would  be  identical 
to  those  of  corresponding  circuits  of  the  form  in  Fig.  12.02-2  at  all 
frequencies. 
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FIG.  12.04-1  BAND-STOP  FILTER  WITH  SHUNT  BRANCHES 
AND  QUARTER-WAVE  COUPLINGS: 

(o)  EQUAL  INVERTER  IMPEDANCES,  Z,; 

(b)  GENERAL  CASE  OF  UNEQUAL  INVERTER 
IMPEDANCES 
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FIG.  12.04-2  BAND-STOP  FILTER  WITH  SERIES  BRANCHES  AND 

QUARTER-WAVE  COUPLINGS:  (a)  EQUAL  INVERTER 
ADMITTANCES,  Y.;  (b)  GENERAL  CASE  OF  UNEQUAL 
INVERTER  ADMITTANCES 
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Figure  12.04-2  shows  dual  circuits  to  those  in  Fig.  12.04-1.  The 
circuits  in  Fig-  12.04-2  use  series-connected  resonstors  which  exhibit 
high  reactance  at  resonance.  The  transmission  properties  of  the  filters 
in  Fig.  12.04-2  are  identical  to  those  of  Fig.  12.04-1. 

We  shall  now  consider  the  practical  realisation  of  resonstors  for 
microwave  filters  of  the  forma  in  Figs.  12.04-1  and  12.04-2. 

SEC.  12.05,  PRACTICAL  REALIZATION  OF  BAND-STOP  RESONATORS 
FOR  NARROW -STOP -BAND  FILTERS 

The  design  procedures  in  Secs.  12.04  and  12.09  give  the  reactance- 
slope  parameters  aci  or  susceptance  -  slope  parameters  (►.  of  the  resonators 
of  a  narrow-atop-band  filter  and  the  impedances  or  admittances  of  the 
connecting  lines.  The  practical  design  of  microwave  band-stop  resonators 
so  as  to  have  prescribed  slope  parameters  will  now  be  considered. 

In  atrip  transmission  line  or  coaxial  line,  the  circuit  of 
Fig.  12.04-1  may  be  realised  by  using  non-contacting  stubs,  as  shown  in 
Fig.  I2.01-l(s),  with  the  gaps  between  the  stubs  and  the  main  line 
forming  the  capacitances  required  in  Fig.  12.04-1,  and  the  stubs  ap¬ 
proximating  the  inductances.  The  stubs  may  be  short-circuited  and  just 
under  90  degrees  long,  as  shown  in  Fig.  12. Ol-l(a)  and  indicated  in 
Fig-  12.05-l(a);  or  they  may  be  open-circuited  and  just  under  180  degrees 
long,  as  indicated  in  Fig.  12. 05- lib) .  Figures  1 2 . 05 -1(c)  and  (d)  show 
the  corresponding  dual  cases.  The  inductively  coupled  resonator  in 
Fig.  1 2 . 05 -1(d)  which  is  slightly  less  than  a  half  wavelength  long  at 
resonance,  is  the  type  of  resonator  used  in  the  waveguide  band-stop 
filter  in  Fig.  12.01-l(b).  The  case  of  Fig.  12.05- l(m)  will  now  be 
treated  specifically,  and  then  the  cases  of  Figs.  ]2.05-l(b),  (c),  and 
(d)  can  be  treated  by  extension  of  this  first  case. 

The  transmission  lines  will  be  supposed  to  be  non-dispersive.  (If 
waveguide  or  other  dispersive  line  is  used,  replace  normalised  frequency 
co/a>0  by  normalised  reciprocal  guide  wavelength  \gjAj,  where  \ g  and 
are  the  guide  wavelengths  at  frequencies  a>  and  a»#,  respectively.) 

Forcing  the  resonator  reactance  to  be  sero  when  a>  «  oj0  and  <p  “  4>l>  re¬ 
quires  that 

tan  <t>0  *  — —  (12.05-1) 
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CIRCUIT  APPROXIMATE  DESION 

EQUIVALENT  FORMULAS 

CIRCUIT 


(4) 


WHERE  F  (4)  •  + MC *#  +  ••*<  (TABLE  {) 

#(4)»IF  (4)P  ^(E»-*lnE|) 

SOURCE:  Quarterly  Report  3,  Contract  DA  36-039  SC-B7398,  SRI; 

reprinted  in  IRE  Trans.  PCMTT  (aee  Ref.  1  by  Yount. 

Matthaei,  and  Jonea) 

FIG.  12.05.1  REALIZATION  OF  RESONANT  CIRCUITS  IN  TRANSMISSION  LINE:  (a)  AND 
(b),  SERIES  RESONANT  CIRCUIT,  SUITABLE  FOR  STRIP  OR  COAXIAL 
LINE;  (c)  AND  (d),  SHUNT  RESONANT  CIRCUIT,  SUITABLE  FOR  WAVEGUIDE 
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Since  4>  in  proportional  to  o>, 


d<p  du> 

.  B  11 

<p  a) 


and  the  reactance  alope  parameter  is 


d  /,  .  1\ 

*  - - —  tan  4>  ~  — ) 

2  du>  \  ‘  ^  cjC/ 


(12.05-2) 


(12.05-3) 


sec2  4>Q 


+  tan  <pQ) 


~JF{<po) 


(12.05-4) 


where  the  function  F(<p)  is  defined  by 


F (d>)  *  ip  sec2  p  +  tan  </> 


(12.05-5) 


This  function  can  be  determined  numerically  from  Table  12.05-1- 

To  determine  the  three  parameters  Ct,  Zt,  and  <P0,  one  of  them  may 
be  selected  arbitrarily,  for  instance  Zh .  The  slope  parameter  x  or 
is  determined  from  Fig.  12.04-1  or  12.04-2,  or  from  Sec.  12.09.  For 
the  circuit  of  Fig.  12.05-Ha),  <pQ  is  determined  from  the  assumed  value 
for  Zt  by  use  of  Fq.  (12.05-4)  and  Table  12.05-1,  and  finally 
Fq.  (12.05-1)  yields  Ct .  These  formulas  and  the  ones  corresponding  to 
all  four  cases  are  summarized  in  Fig.  12.05-1- 

For  a  given  and  Zt  or  ,  the  slope  parameter  of  the  near-180- 
degree  line  is  almost  twite  as  great  as  the  slope  parameter  of  the 
near -90-degree  line.  More  precisely,  for  the  near- 180-degree  lines 
[Cases  (b)  and  (d)  in  Fig.  12.05-1]  one  has  to  substitute 

G(<p)  *  +  <p^j  sec2  <p  +  tan  <p  (12.05-6) 


(<p  in  radians)  for  F(<p),  which  was  used  with  the  near-90-degree  lines 
[Caaes  (a)  and  (c)  in  Fig.  12.05-1].  This  can  be  written  more  con¬ 
veniently  as 

G(<p)  «  2  F(<p)  +  — - 9-~— -  (12.05-7) 
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where 


8  .—-<*>  (12.05-8) 

2 

ie  the  amount  by  which  the  line  length  falls  short  of  v/2  or  rt  radians, 
respectively.  The  last  tern  in  Eq.  (12.05-7),  namely  (28  -  sin  28)/tt, 
is  usually  very  small,  ao  that  G(<p)  is  very  nearly  twice  F(4>).  For 
instance,  when  <t>  ■  vr/3  ■  60  degrees,  the  error  in  G(<p)  due  to  neglecting 
this  term  in  Eq.  (12.05-7)  is  less  than  X  percent,  while  for  4>  *  v/k  • 

45  degrees,  the  error  is  3.4  percent.  One  may  therefore  still  use 
Table  12.05-1  to  solve  for  0#,  looking  up  F(<p)  »  (1/2)G(<£),  and  subse 
quently  making  a  small  correction  if  <P0  is  smaller  than  about  60  degrees. 

SEC.  12.06,  EXPERIMENTAL  ADJUSTMENT  OF  THE  COUPLINGS 
AND  TUNING  OF  BAND- STOP  HESONATOHS 

In  constructing  resonators  of  the  forms  in  Fig.  12.05,  usually  the 
coupling  capacitances  Ct  are  realized  by  capacitive  gaps,  while  the 
coupling  inductances  Lt  usually  apply  to  waveguide  filters  where  the 
coupling  inductance  is  achieved  by  an  inductive  iris.  Since  it  is  often 
difficult  to  compute  the  appropriate  gap  or  iris  size  with  as  much  ac¬ 
curacy  as  is  desired,  it  is  frequently  convenient  to  experimentally 
adjuat  these  couplings  to  their  proper  value.  This  is  done  most  easily 
by  testing  one  resonator  at  a  time  with  the  other  resonators  removed 
(in  the  case  of  a  strip-line  filter  with  capacitive  gaps),  or  with  the 
coupling  irises  of  the  other  resonators  covered  with  aluminum  tape  (in 
the  case  of  a  waveguide  filter).  Using  this  procedure  the  measured 
3-db  bandwidth  for  each  resonator  can  be  compared  with  a  computed  value, 
and  the  coupling  altered  until  the  computed  value  of  3-db  bandwidth  is 
obtained.  Since  in  many  cases  the  filter  will  be  symmetrical,  it  will 
usually  be  only  necessary  to  make  this  test  on  half  of  the  resonators. 
Once  the  proper  coupling  gaps  or  iris  sites  have  been  determined,  they 
are  simply  duplicated  for  the  other  half  of  the  filter. 

The  3-db  fractional  bandwidtha  of  the  four  types  of  resonstors  in 
Fig.  12.05-1  are  given  in  Fig.  12.06-1.  Caae  (a)  in  Fig.  12.06-1  may, 
for  instance,  be  derived  by  noting  that  the  insertion  loss  of  a  react¬ 
ance  X  in  shunt  with  two  resistances  /?8  ■  is  3  db  when  the  reactance 
has  the  value  X  -  (l/2)«,.  By  Eq.  (12.05-4) 
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FIG.  12.06-1  THREE-db  FRACTIONAL  BANDWIDTHS 
OF  THE  RESONATORS  IN  FIG.  12.05-1 
PLACED  ACROSS  THE  JUNCTION  OF 
TWO  TRANSMISSION  LINES 
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(12.06-1) 


2* 

-  K*,) 


Since  we  are  only  cons  i  dering  small  bandwi,dths ,  we  may  replace  2du)/(iiQ  by 
the  3-db  bandwidth,  u,  and  dX  by  ( )  / 2 )/i  j .  Then 


2*  '<*.> 


(12.06-25 


This  equation  would  apply  to  the  case  of  a  resonator  of  the  form  in 
Fig.  1 2 .  OS -1(a)  connected  across  a  uniform  transmission  line  of  charac¬ 
teristic  impedance  equal  to  2Q  -  >  fl j  which  is  terminated  at  both  ends 

in  its  characteristic  impedance. 

The  equations  in  Fig.  l'.’.06-l(a)  and  12. 06 -1(b)  were  derived  in  a 
similar  but  more  general  fashion.  Note  that  these  equations  provide  for 
unequal  loading  at  the  left  and  right  sides  of  the  resonators.  This  is 
of  interest  for  rases  where  the  main  transmission  line  may  have  impedance 
steps  in  it.  In  nar row- stop- hand  filters  the  loading  resistances  /?0  and 
rt  j  can  be  estimated  by  computing  the  impedances  seen  looking  left  and 
right  from  the  resonator  in  question  with  all  other  resonators  removed. 
These  impedances  will  be  purely  real  at  hut,  of  course,  they  will 

vary  with  frequency  if  impedance  steps  are  present.  However,  in  the  rase 
of  nar row- stop- band  filters,  it  should  in  most  cases  he  permissible  to 
regard  these  impedances  as  constant  resistances  across  the  range  of  in¬ 
terest.  This  is  because  the  frequency  band  involved  is  smull,  and  in 
practical  situations  any  impedance  steps  involved  will  usually  also  be 
small.  In  many  practical  cases  the  main-line  impedances  will  all  be 
equal  so  that  the  factor  Mr)  in  Fig.  12.06-1  is  equal  to  one. 

The  discussion  above  also  applies  to  the  dual  cases  in  Fig.  12.06-l(c) 
and  1 2 . 06 -1(d),  where  the  equations  are  in  terms  of  admittances  instead 
of  impedances.  We  may  note  in  passing  that  if  r  =  ft  l/W0  or  VS  is 
greater  than  3  +  2v 2  ■  5.8284  or  less  than  3  "  2v 2  »  0.1716,  then  the 
3-db  bandwidth  does  not  exist,  since  the  intrinsic  mismatch  of  the  junc¬ 
tion  causes  a  3-db  reflection  loss  and  any  reactance  at  the  junction  can 
only  serve  to  increase  it.  A  10-db  or  similar  bandwidth  would  then  have 
to  be  used  for  the  experimental  adjustment.  However,  such  cases  are  not 
likely  to  arise  in  practice  und  will  not  be  considered  farther. 
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In  the  ceae  of  filtera  with  narrow  atop  bands,  the  tuning  of  the 
resonators  must  be  quite  precise  if  the  response  is  to  be  ss  specified. 
Tuning  is  easily  accoaipliahed  uaing  tuning  screws  located  in  a  high- 
voltage  region  of  each  resonator.  One  resonator  should  be  tuned  at  a 
tine  while  the  other  resonators  are  detuned  or  decoupled  by  adding 
foreign  bodies  near  the  other  resonators  (in  the  case  of  a  strip-line 
filter)  or  by  covering  the  coupling  irises  of  the  other  resonators  with 
aluminum  tape  (in  the  case  of  waveguide  filters).  With  the  other  reso¬ 
nators  detuned  or  decoupled,  a  signal  at  the  mid- stop-band  frequency  ia 
fed  through  the  main  line  of  the  filter,  and  then  the  resonator  in  ques¬ 
tion  is  tuned  to  give  maximum  attenuation  of  the  signal  (around  30  or 
40  db  in  many  practical  cases).  The  main  advantage  in  incapacitating  the 
other  resonators  while  any  given  resonator  is  being  tuned  is  that  this 
technique  helps  to  keep  the  signal  level  sufficiently  high  so  that  a 
distinct  miniaua  can  be  obse  ed  when  each  resonator  is  tuned.  If  more 
than  one  resonator  ia  resonant  at  a  time  the  signal  level  may  become  so 
low  as  to  be  undetectable. 

SEC.  12.07.  EXAMPLE  OF  A  STRIP-LINE,  NARROW -STOP -BAND 
FILTER  DESIGN 

Let  us  suppose  that  a  filter  is  desired  with  the  following  specifi¬ 
cations: 

Frequency  of  infinite  attenuation,  f a:  4.0  Gc 

Pass-band  ripple:  0.5  db 

Fractional  stop-band  bandwidth  to  equal-ripple 
(0.5-db)  points:  v  ■  0.05 

Minimum  attenuation  over  2-percent  stop  baud:  20  db. 

In  order  to  estimate  the  number  of  resonators  required,  Eq.  (12.02-1)  is 
used  in  the  form 

(12.07-1) 


which  with  w  «  0.05  and  cu/cu0  *  1.01  (corresponding  to  the  prescribed 
upper  20-db  point)  yields  |ai'  /u>'  j  •  2.5.  From  Fig.  4,03-7,  which  applies 
to  Tchebyacheff  prototypes  with  0.5-db  ripple,  we  find  that  for  |  c*>*  /t^*  |  -2.5 


OJ 


w 


0 

Ol 
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the  attenuation  is  12.5  db  for  n  ■  2  and  26  db  for  n  *  3.  Thus  a  design 
with  n  •  3  resonatora  will  be  required.  Since  the  peak  attenuation  of 
this  filter  will  surely  be  much  greater  than  20  db,  the  calculation  of 
peak  attenuation  at  (discussed  in  Sec.  12.03)  need  not  be  made  in 
order  to  file  the  design.  The  design  equations  in  Sec.  12.04  will  be 
used  in  working  out  this  example;  however,  the  somewhat  more  accurate 
equations  in  Sec.  12.09  could  also  be  used. 

From  Table  4.05-2(a),  the  low-pass  prototype  parameters  for  0.5-db 
ripple  and  n  •  3  are 

K0  ’  *«  *  10 

g,  -  g3  *  1.5963  (12.07-2) 

g2  *  1.0967 


and  co'  «  1.  The  filter  takes  the  form  shown  in  Fig.  12.01-l(a).  From 
Fig.  12.04-l(a)  with  *  Z(, 


l  3 

zT-zT'  12  528 
0  0 


2 

—  -  18.232 

Zo 


>  (12.07-3) 


The  physical  embodiment  of  the 


filter  is  shown  in  Fig. 


12.07-1. 


The  characteristic  impedance  of  the  main  line,  ZQ.  was  made  50  ohms, 
and  the  line  consisted  of  a  solid  strip  conductor  0.184  inch  wide  and 
0.125  inch  high,  with  a  ground-plane  spacing  of  0.312  inch.  The  branch 
stubs  were  each  made  of  square  cross  section,  0.125  inch  by  0.125  inch, 
which  gave  the  impedances  Zti  -  Zt2  ■  ZbJ  =  59,4  ohms  (by  Fig.  5.04-2). 
Therefore  from  Fig.  12.05-l(a), 


and 


'<*„)  -  '<*„) 
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WITH  TH'  ;  RESONATORS 


which  can  be  solved  by  Table  12.05-1  to  give 


*01  *  *03 

*  74.2°  « 

1.295 

radians 

^02 

*  77.0°  * 

1.344 

radians 

Again  from  Fig.  12.05-l(a) 

we  obtain 

“V1*,  *  "0C»3  * 

0.004764 

mho 

2 

0.003888 

mho 

which  at  4.0  Gc  yields 

C»  ’  C» 

*  1  *  3 

0.1893 

pf 

■ 

0.1546 

Pf 
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With  *v. 125-by-O. 125- inch  stubs,  such  capacitancea  are  obtained  with  a  gap 
of  the  order  of  0.031  inch,  which  is  a  quite  suitable  value,  being  small 
compared  to  a  wavelength  but  still  large  enough  to  be  achieved  accurately 
without  special  measures  such  as  using  dielectric  in  the  gap,  which  would 
increase  the  dissipation  loss. 

The  length  of  the  atuba  is  determined  by  Eq.  (12.07*5)  and  the  wave¬ 
length,  which  is  2.950  inches  at  4.0  Gc .  It.  was  at  first  assumed  that 
the  reference  plane  was  in  the  gap  face  opposite  the  main  line.  The 
capacitive  gap  of  each  stub  was  adjusted  to  give  peak  attenuation  at 
4.0  Gc  and  the  3-dh  bandwidth  of  the  stop  band  of  stubs  1  and  2  were 
then  measured  individually.  The  3-db  fractional  bandwidths  u j  are  given 
by  Fig.  12.06- 1(a) : 


'0  1 


V  '<*».> 


z,2  F(*02) 


0.040 


0.0274  . 


(12.07-8) 


At  first,  the  measured  bandwidths  were  slightly  too  narrow,  showing  the 
coupling  to  be  too  loose.  The  coupling  gaps  of  the  stubs  were  reduced 
until  the  required  3-db  bandwidths  were  obtained.  Then  the  lengths  of 
the  stubs  were  corrected  to  give  the  desired  4-Gc  resonant  frequency. 

The  final  dimensions  were:  outer  stub  lengths  0.605  inch,  gaps  0. 0305  inch; 
middle  stub  length  0.629  inch,  gap  0.045  inch.  The  three  stubs  were  then 
placed  along  the  line  as  shown  in  Fig.  12.07-1.  they  are  nominally  90 
degrees  apart  between  reference  planes  at  4.0  Gc ,  but  the  spacing  is  not 
critical,  and  they  were  simply  placed  a  quar ter  -  wave  1 ength  apart  between 
centers  (0.738  inch),  and  not  further  adjusted. 

It  is  important  that  there  should  be  no  interaction,  or  mutual  cou¬ 
pling,  between  stubs:  with  a  ground-plane  spacing  of  0.312  inch,  the 
attenuation  of  the  TKl#  mode  (electric  vector  parallel  to  the  ground 
planes)  from  stub  to  stub  is  more  than  50  db  at  4.0  Gc,  which  should  be 
adequate;  it  is  also  necessary  to  maintain  proper  centering  so  as  not 
to  excite  the  par  a  1 1 e l - p 1  at e  mode. 
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The  reaponae  of  thia  filter  was  coaiputed  on  a  digital  computer  and 
ia  plotted  in  Fig.  12.07-2.  The  points  shown  are  the  aieaaured  reaulta 
on  the  exper iaiental  filter.  The  circlea  represent  the  measured  reflec¬ 
tion  toss  of  the  filter,  which  may  be  compared  with  the  computed  curve, 
while  the  aolid  dots  represent  the  total  measured  attenuation,  including 
the  effect  of  dissipation.  The  computed  reflection  loss  reaches  a  ripple 
height  of  0.7  db  below,  and  0.8  dh  above  4.0  Gc  (instead  of  0.5  db,  which 
was  called  for  by  the  low-pass  prototype).  The  measured  reflection  loss 
reaches  s  peak  of  1.2  db  below,  and  0.7  db  above  4.0  Gc . 

The  somewhat  oversite  pass-band  ripples  in  this  filter  are  due  mainly 
to  the  frequency  sensitivity  of  the  \0/4  coupling  lines  between  resonators. 


12  5  16  is  40  *2  3J  Je  4*S 

FREQUENCY  - Gc 

«l*  s»i,ati-*» 


SOURCE:  Quarterly  Report  3,  Contrart  DA  36-039  SC-87398,  SRI; 

reprinted  in  IRE  Tmns.  PGMTT  (eee  Ref.  1  by  Young, 
Matthaei,  and  Jonea) 


FIG.  12.07-2  COMPUTED  AND  MEASURED  RESPONSE  OF  A  STRIP-LINE  BAND-STOP 
FILTER  WITH  V4  SPACINGS  BETWEEN  RESONATORS 
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If  the  deeign  Method  deecribed  in  Sec.  12.09  ie  used,  eelectivity  of 
the  coupling  line*  cen  be  taken  into  account  in  the  design  process  ao 
that  the  paaa-bsnd  ripples  should  be  very  nearly  ss  prescribed.  A  pos¬ 
sible  drawback  of  the  procedure  in  Sec.  12.09  is  that  it  necessarily 
calls  for  steps  in  the  impedance  level  of  the  main  transmission  line. 
However,  in  the  case  of  a  strip-line  filter,  this  should  cause  little 
difficulty.  If  this  same  filter  design  were  to  be  obtained  by  the 
methods  of  Sec.  12.09,  the  main- line  impedances  and  the  resonator  slope 
parameters  would  be  obtained  by  the  equations  of  that  section.  Prom  that 
point  on,  the  design  procedure  would  be  the  same  as  described  above. 

The  peak  attenuation  of  the  three- resonator  filter  was  too  great  to 
measure,  but  the  peak  attenuation  of  each  branch  separately  was  measured. 
This  gave  32  db  for  each  of  the  two  outer  branches,  and  28  db  for  the 
middle  branch  alone.  Working  back  from  the  data  in  Fig.  12.03-2,  this 
leads  to  unloaded  Q  values  of  1000.  The  theoretical  unloaded  Q  of  such 
a  pure  all-copper  line  at  this  frequency  is  2600.  In  this  case  the  strip 
conductors  of  the  resonators  were  made  of  polished  copper  and  the  ground 
planes  were  aluminum.  Other  losses  were  presumably  introduced  by  the 
current  concentrations  caused  by  fringing  fields  at  the  gap,  and  by  the 
short-circuit  clamps.  The  value  of  «  1000  is  consistent  with  experi¬ 
mental  results  generally  obtained.  The  peak  attenuation  of  all  three 
branches  together  should  by  the  first  formula  of  Fig.  12.03-2  reach  a 
value  of  104  db,  which,  however,  was  beyond  the  measurement  range  of  the 
available  test  equipment.  There  are,  of  course,  additional  stop  bands 
at  frequencies  where  the  stubs  are  roughly  an  odd  multiple  of  \(/4  long. 

According  to  the  formula  for  the  dissipation  loss  AL4  in  Fig-  12.03-2, 
the  dissipation  loss  should  he  about  0.74  db  at  the  equal-ripple  band 
edges  o>l  and  o)j ,  The  measurements  indicated  dissipation  loss  of  roughly 
that  size  at  the  pass-band  edges. 

The  bandwidth  of  the  stop  band  to  the  0.5-db  points,  both  measured 
and  computed,  is  very  nearly  5.0  percent,  the  design  goal.  The  attenua¬ 
tion  over  a  2-percent  band  exceeds  25.4  db  by  computation.  (Compare  the 
20-db  design  specification,  and  the  25.8  db  predicted  for  a  three-branch 
filter.  )  The  measured  points  in  the  stop  band  fall  close  to  the  computed 
curve,  as  can  be  seen  from  Fig.  12.07-2.  For  frequencies  moving  away 
from  the  stop-band  edges  into  the  pass  bands,  the  dissipation  loss  will 
drop  quite  rapidly. 
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SEC.  12.08,  NARROW -STOP -BAND  WAVEGUIDE  FILTER  DESIGN 
CONSIDERATIONS,  AND  AN  EXAMPLE 


A  waveguide  band-atop  filter  ia  Most  conveniently  realised  uaing 
reaonatora  connected  in  aeries  and  spaced  an  odd  Multiple  of  a  quarter 
wavelength  apart  along  the  waveguide.  The  equivalent  circuit  of  auch 
a  filter  is  as  shown  in  Fig.  12.04-2,  while  Fig.  12. 01-l(b)  shows  a 
sketch  of  a  waveguide  realisation  of  auch  a  filter.  It  ia  aeen  that 
the  reaonatora  in  Fig.  1 2 . 01 -1(b)  are  spaced  at  intervals  of  three- 
quarters  of  a  guide  wavelength.  It  ia  believed  that  placing  the  reao¬ 
natora  at  one-quarter  guide-wave  length  intervals  ia  not  practical, 
becauae  strong  interaction  results  between  the  resonators  by  way  of  the 
fields  about  the  coupling  apertures.  This  interaction  in  an  experiuentel 
band-stop  filter,  with  quarter-guide- wavelength-spaced  resonators,  caused 
the  stop-band  response  to  have  three  peaks  of  high  attenuation,  with 
relatively  low  attenuation  valleys  in  between,  instead  of  the  single 
high  attenuation  peak  that  ia  desired. 

The  appropriate  nornalited  frequency  variable  to  use  with  dispersive 
lines,  as  in  a  waveguide  filter,  is  the  nornalised  reciprocal  guide  wave¬ 
length,  Thua,  a  waveguide  filter  and  a  strip-line  filter,  each 

designed  from  the  sane  low-pass  prototype,  can  have  identical  responses 
if  the  waveguide  filter  response  is  plotted  on  a  scale  and  the 

strip-line  filter  response  on  a  w/w#  scale.  On  this  basis,  the  fornula, 
which  for  the  strip-line  filter  was 

—  (TEM  mode)  (12.08-1) 


where  u>g,  and  are  as  defined  in  Fig.  12.02-2,  is  now  replaced  for 

a  waveguide  filter  by 


*A 


(waveguide) 


(12.08-2) 


where  \g#,  \  and  are  analogously  defined  as  the  guide  wavelengths 
at  mid-atop-band,  and  at  the  lower  and  upper  edges  of  the  stop  bsnd,  on 
a  reciprocal  guide-wavelength  scale.  If  both  responses  are  plotted  on  a 
frequency  scale,  however,  the  response  of  the  waveguide  filter  derived 
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fro*  the  aeme  prototype  will  be  considerably  narrower.  For  small  stop¬ 
band  bandwidths,  the  fractional  width  of  the  waveguide  filter  stop  band 
on  a  frequency  scale  will  be  approximately  (\0/\^0)2  times  w^,  which  is 
the  frsctionsl  bsndwidth  on  a  reciprocal  guide-wavelength  scale  given  by 
Eq.  (12.08-2).  (A.fl  is  the  free-space  wavelength  at  the  center  of  the 
stop  band.)  Thus  in  designing  for  a  frequency  fractional  bandwidth  », 
the  bandwidth  in  the  formulas  is  set  to  be  equal  to  for 

the  narrow  bandwidths  considered  here. 

In  the  waveguide  filter  each  resonator  formed  from  a  waveguide  of 
characteristic  admittsnce  Y  h ,  which  has  a  length  slightly  less  than 
one-half  guide  wavelength,  is  connected  to  the  main  waveguide  of  char¬ 
acteristic  admittance  F0  by  means  of  a  small  elongated  coupling  iris. 

'Each  coupling  iris  has  a  length,  1,  which  is  less  than  one-half  free- 
space  wavelength,  and  can  he  represented  to  a  good  approximation  as  an 
inductance  in  series  with  the  main  waveguide.  The  equivalent  circuit 
of  the  resonator  and  coupling  iris  combination  is  shown  in  Fig.  12.0S-l(d). 

The  susceptance,  B.  of  each  coupling  iris  can  be  determined  approxi¬ 
mately  in  terms  of  the  magnetic  polarizability,  W' ,  of  the  iris.  From 
Fig.  5.10-11  the  expression  is  found  to  be 


\  ub  ' 


(12.08-3) 


where  a  and  b*  are  as  defined  in  Fig.  12.01-l(b).  For  irises  cut  in 
walls  of  infinitesimal  thickness,  I,  having  a  length  I  which  is  much 
less  than  one-half  free-space  wavelength,  the  magnetic  polarizability 
«  Wj  is  given  in  Fig.  5.10-4(a).  In  the  usual  situation  when  t  is 
not  infinitesimal  and  l  is  not  much  less  than  one-half  free-space  wave¬ 
length,  one  must  use  the  magnetic  polarizability  ,W j ,  which  is  related 
to  M,  by  the  approximate  empirical  relation 


(12.08-4) 


where  is  again  the  free-spare  wavelength  at  center  frequency 
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corresponding  to  ■  o>#,  <p  ■ 
for  each  resonator  becomes 

and  ■ 

\r 

The  resonant  condition 

Yo  “*  *0 

Yiab' 

\« 

(12.08- 

*vH[ 

where 

*0 

2  vL 

‘  \7‘ 

V 

1  ' 

(12.08- 

and  L  is  the  length  of  the  resonator. 

The  ausceptanre  slope  parameter,  for  each  resonator  as  viewed 
from  the  main  transmission  line  becomes 


4  -  -y  G(4>)  -  V(tf-) 


(12  08-7) 


where  F(<f> i  ia  defined  in  Kq.  (12.05  5)  and  G(<p)  is  defined  in  Kq.  (12.05-7), 
and  U't  has  been  assumed  to  be  frequency  invariant. 


Example  of  a  Waveguide  Filter  Design  —  As  an  example  of  the  use  of 
the  above  technique,  we  consider  here  the  design  of  a  3-resonator  wave¬ 
guide  band-stop  filter  using  the  same  low-paas  prototype  circuit  used  for 
the  strip-line  filter  described  in  Sec.  12.07.  The  filter  has  a  design 
center  frequency  /  *  10  tic  Bud  the  resonators  and  main  transmission  line 

are  fabricated  from  WH-90  waveguide.  Ihc  fractional  bandwidth  of  the 
strip-line  filter  was  w  ■  0.05  on  a  frequency  basis  [Kq.  (12. 0B- 1 ) J - 
Here,  we  use  •  0.05  on  s  reciprocal  guide-wavelength  basis 
[Kq.  (12.08-2)].  The  suaceptance  slope  parameters  for  the  two  end  reso- 
nutors  and  the  middle  resonator  can  be  determined  from  Fig.  l2.04-2(a) 
with  *  F0.  They  are,  respectively, 


1 


1 

—  -  12  528 

1  o 


«0 

— -  -  18.232 

1 8  2 


(12.08-8) 
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which  correspond  exactly  to  those  previoualy  computed  for  the  atrip-line 
filter.  The  stub  characteristic  admittances  were  chosen  to  be  equal 
to  F#.  Therefore, 


2 J(y 

G(<Pol)  •  G(0q3  )  •  — -  25.056 

*o 

(12.08-9) 

*2 

Gi<P02>  ■  —  ■  36.464  . 

*  A 


Referring  to  Table  12.05-1,  we  find 


4>ol  +  90°  =  4>oi  +  90°  •  159.5° 

(12.08-10) 

<P02  *  90°  =  163.0° 


At  a  frequency  of  10  Uc  ,  >.  #  in  Wli-90  waveguide  is  1.5631  inches. 
Therefore  the  lengths  L,  »  L 3  of  the  two  end  resonators  and  length  Lj 
of  the  middle  resonator  are 


L1  »  Lj  =  0.693  inch 

Lj  =  0.709  inch 


(12.08-11) 


Ihe  magnetic  polarizability,  (M, )  ■  (W. )  ,  of  the  irises  in  the  end 

.15 

cavities,  and  the  magnetic  polarizability,  (M!)  ,  of  the  iris  in  the 

2 

middle  cavity  can  be  determined  from  Kq.  (12.08-5)  to  be 
(#'.)  =  («'.)  •  0.0167  inch3 

1  1  *3 

(12.08-12) 

<*'.)  •  0.0137  inch3  . 

1  2 

It  was  decided  to  use  elongated  irises  with  round  ends,  as  for  the  second 
curve  from  the  top  in  Fig.  5.10-4(a).  The  iris  sizes  were  determined  by 
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first  fixing  the  iris  widths*  as  w,  •  ■  »s  ■  0.125  inch,  snd  then  com 

puting  successive  approximations  using  Fig.  5.10-4U)  and  Eq.  (12.08-4). 
Since  it  was  planned  that  the  iris  sites  would  be  checked  experimentally 
as  discussed  in  Sec.  12.06,  the  iris  thickness  t  in  Eq.  (12.08-4)  was 
assumed  to  be  zero  (which  should  cause  the  irises  to  cone  out  slightly 
undersiie).  A  suggested  way  for  nsking  these  calculations  is  to  convert 
Eq.  (12.08-4)  to  the  form 


Then  using  Fig.  5.10-4(a)  and  the  desired  polar i sabi 1  it ies  (if',)  ,  pre¬ 
liminary  values  of  the  iris  lengths  1(  are  obtained.  Inserting  these 
preliminary  values  of  lt  in  Eq.  (12.08-13),  compensated  valuea  (K,)  for 
the  polaritabilities  are  obtained  which  are  then  used  with  Fig.  5.10-4(a) 
to  obtain  compensated  values  for  the  iris  lengths  l k .  If  desired,  this 
procedure  can  be  repeated  in  order  to  converge  to  greater  mathematical 
accuracy;  however,  since  Eq.  (12.08-13)  is  in  itself  a  rather  rough  ap¬ 
proximation,  the  value  of  very  high  mathematical  accuracy  is  rather 
doubtful . 

By  the  above  procedure,  initial  iris  dimensions  of  1 j *  1 3 *  0. 430  inch 
and  Ij  ■  0.415  inch  for  the  iris  lengths  with  *,  •  ■  w,  •  0.125  inch 

were  obtained.  After  teats  made  by  measuring  the  3-db  bandwidth  of 
Resonators  1  and  2  separately  (by  the  methods  discussed  in  Sec.  12.06), 
final  values  of  1(  •  Ij  «  0.481  inch  and  12  >  0.458  inch  for  the  iris 
lengths  were  obtained.  The  first  version  of  this  filter  had  \#/4 
spacings  between  resonators,  but  this  was  found  to  be  unsatisfactory 
due  to  interaction  between  the  fringing  fields  around  the  irises  of  the 
various  resonators  (which  resulted  in  considerable  disruption  of  the 
stop-band  performance).  Thus  a  second  version  was  constructed  with 
3\#/4  spacings  between  resonators,  and  Fig.  12.08-1  shows  the  dimensions 
of  this  filter. 


(*,) 

1  MU 
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SOURCE:  Quarterly  Report  3,  Contract  DA  36-039  SC-87398.  SRI; 

reprinted  in  IRE  Tran s.  PGMTT  (aee  Ref.  1  Young, 
Matthaei,  and  Jonea) 


FIG.  12.08-1  DIMENSIONS  OF  A  WAVEGUIDE  BAND-STOP  FILTER 


The  filter  was  tuned  using  the  technique  discussed  in  Sec.  12.06. 
Figure  12.08-2  shows  points  from  the  resulting  measured  response  of  the 
filter  as  compared  with  the  theoretical  response  of  this  filter  design 
as  determined  using  a  digital  computer.  As  can  be  seen  from  the  figure, 
the  agreement  is  excellent. 

Though  the  measured  performance  of  this  filter  is  in  very  good 
agreement  with  ita  computed  performance,  it  will  be  noted  from  Fig.  12.08-2 
that  the  computed  performance  indicates  pass-band  ripples  of  about  1 . 2  db 
instead  of  0.5  db  as  was  called  for  by  the  lumped-element  prototype. 

These  oversize  ripples  have  been  found  to  be  due  to  the  frequency  sensi¬ 
tivity  of  the  lines  between  resonators.  If  the  3Ag/4  coupling  lines 
between  resonators  were  replaced  by  ideal  impedance  inverters  the 
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Tchebyscheff  ripples  would  be  exactly  O.S  db.  Computer  calculations 
show  that  if  \#/4  coupling  lines  are  used,  the  ripples  ahould  peak  at 
approximately  0.7  db.  In  Fig.  12.08*2  the  1.2*db  ripple  peaks  are  due 
to  the  still  greater  selectivity  of  the  3A.0/4  coupling  lines  used 
in  this  design.  Use  of  the  design  procedure  discussed  in  Sec.  12.09 
would  make  it  possible  to  take  into  account  the  selectivity  of  the  cou¬ 
pling  lines  so  that  the  ripples  should  come  out  very  closely  as  pre¬ 
scribed.*  However,  the  price  that  must  be  paid  for  this  is  that  the 


rntoutNct  —  6« 


SOlUCEi  Quarterly  Repeat  I,  Cntnci  DA  36-05*  SC-6719*.  Sgli 
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Maukaai,  awl  Jaaaa) 

FIG.  12.06-2  COMPUTED  AND  MEASURED  RESPONSE  OF  THE  WAVEGUIDE 
BAND-STOP  FILTER  IN  FIG.  12.08-1 


Tke  daaiga  procedure  laacfilal  ia  Sac.  11. 0*  ia  enact  if  tkc  filter  it  realise*  uaiaf  ealy 
traaaaiaaioa  liaaa  a  a*  atakt.  Hoaarar,  ia  the  caaa  ef  atrree-step-baa*  filters  tkt  stak 
lapedaacsa  kacoaa  aaraaaaasbla  sa  that  it  ia  necessary  te  replace  tkaa  aitk  reactiraly  couple* 
raa  oast  ora .  Tkia  aabat itat lea,  ef  cearaa,  iatroducaa  an  appr oa ieat i aa . 
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procedure  in  Sec.  12.09  necessarily  requires  that  there  be  steps  in 
impedance  along  the  main  line  of  the  filter.  This  introduces  some 
added  complication  for  manufacturing,  but  the  difficulties  introduced 
should  not  be  great.  Once  the  main  line  impedances  and  the  resonator 
slope  parameters  are  determined  from  the  data  in  Sec.  12.09,  the  design 
process  is  the  same  as  that  described  above. 

SF.C.  12.09,  A  DESIGN  PROCEDURE  WHICH  IS  ACCURATE  FOR 

FILTERS  WITH  WIDE  (AND  NARROW)  STOP-BAND  WIDTHS* 

In  this  section  an  exact  design  procedure  will  be  discussed  which 
is  useful  for  the  design  of  band-stop  filters  with  either  wide  or  narrow 
stop  bands.  The  design  equations  given  apply  to  filters  with  AQ/4  stubs 
separated  by  connecting  lines  which  are  either  \fl/4  or  3AQ/4  long,  where 
is  the  wavelength  at  the  mid- stop-band  frequency.  An  example  of  this 
type  of  filter  is  shown  in  Fig.  12.01-2.  In  theory  this  type  of  filter 
can  have  any  stop-band  width;  however,  in  practice  the  impedance  of  the 
stubs  becomes  unreasonable  if  the  stop-band  width  is  very  narrow.  In 
that  case  it  would  be  desirable  to  replace  the  open-circuited  stub  reso¬ 
nators  in  the  filter  in  Fig.  12.01-2  with  capacitively  coupled  short- 
circuited  stub  resonators  [as  shown  in  Fig.  12.01-l(a)]  having  the  same 
resonator  slope  parameters  This  introduces  some  approximation  into 
the  design,  but  permits  praiiical  impedances.  As  has  been  mentioned 
previously,  the  main  difference  between  a  practical  narrow-stop-band 
filter  design  obtained  by  the  methods  of  this  section  and  one  obtained 
by  the  methods  of  Sec.  12.04  is  that  the  method  of  this  section  calls 
for  steps  in  transmission  line,  while  usually  none  are  necessary  by  the 
method  of  Sec.  12.04.  However,  the  method  of  this  section  will  give 
higher  design  accuracy  even  for  narrow- stop-band  cases  where  the  ap¬ 
proximation  mentioned  above  has  been  introduced. 

The  methods  of  this  section  permit  exact  design  of  filters  of  the 

form  in  Fig.  1 2 . 09 -1(a)  or  their  duals  (which  consist  of  \0/4  short- 

circuited  stubs  in  series  with  \0/4  connecting  lines).  Filters  of  these 

types  which  have  been  designed  by  the  methods  of  this  section  have  attenuation 

characteristics  which  are  related  to  the  attenuation  characteristics  of 

low-pass  prototype  filters  of  the  form  in  Figs.  12.02-1  by  the  mapping* 

_  .  .  •  """  : 

lit*  aquations  in  this  section  and  the  examples  in  Ssc.  12.10  wars  worked  out  by  B.  M.  Schiffmsa. 

i  a  ] 

1  It  can  bo  shown  that  other  methods  of  design  ’  can  land  to  circuits  of  the  form  in  Pig.  12.09-l(a)  which 
have  attenuation  characteristics  that  are  not  mappings  of  the  attenuation  characteristics  of  low-pass  pro¬ 
totypes  of  ths  form  in  Pigs.  12.02-Ka),  (b). 
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FIG.  12.09-1  BANDSTOP  FILTER:  (o)  n-STUB  TRANSMISSION-LINE  FILTER 
DERIVED  FROMn-ELEMENT  LOW-PASS  PROTOTYPE;  (b)  EQUI- 
RIPPLE  CHARACTERISTIC  DEFINING  CENTER  FREQUENCY  .  Q, 
PARAMETER  o,  AND  STOP  BAND  FRACTIONAL  BANDWIDTH  w 


win:  re 


(12.09-1) 


(12  0^-2) 


2 


(12.09-3) 


u>‘  unii  'a)'|  are  frequency  points  in  tlie  low-puss  filler  response  [sucli  as 
tliui  in  Fift’  1  2 . 02  -  I  (ti  )  ] ,  and  u>,  uij.'aip  and  u ore  frequency  points  in 
the  corresponding  bund-stop  response  in  Fig.  1 2 . 09 -1(b).  Note  that  the 
liund-stop  filter  response  in  Fig.  12.09  1(b)  has  arithmetic  symmetry, 


•nd  that  the  infinite  attenuation  point  at  co#  ia  repeated  at  frequencies 
which  are  odd  multiples  of  o>#.  At  these  frequencies  the  stubs  in  the 
filter  in  Fig.  1 2 . 09 - 1 ( a  >  are  an  odd  multiple  of  A„/4  long,  so  that  they 
ahort  out  the  main  line  and  cause  infinite  attenuation  (theoretically). 

In  the  dual  case  which  uses  series-connected  stubs,  the  stubs  present 
open-circuits  to  the  main  line  at  these  frequencies.  Using  the  methods 
of  this  section,  if  the  low-paas  prototype  has,  say,  a  Tchebyscheff  re¬ 
sponse  with  0.1-db  ripple,  then  the  band-stop  filter  response  should  have 
exactly  0.1-db  Tchebyscheff  ripple,  with  the  entire  response  exactly  as 
predicted  by  the  mapping  F.qs.  (12.09-1)  to  (12.09-3).  (This  statement, 
of  course,  ignores  problems  such  as  junction  effects  which  occur  in  the 
practical  construction  of  the  filter.) 

Tuble  12.09-1  presents  design  equations  for  filters  of  the  form  in 
Fig.  12.0°-l(a).  After  the  designer  has  selected  a  low-pass  prototype 
filter  (which  gives  him  the  parameters  gg,  g,,  gn+1,  and  <o\  ) ;  and 

has  specified  j ,  ui2 ,  and  the  source  impedance  Z  4;  he  can  then  compute 
all  of  the  line  impedances.  Table  12.09-1  treats  filters  of  the  form  in 
Fig.  12.0*#-  1(a)  having  n  1  up  to  n  =  5  stubs.  The  same  equations  also 
apply  to  the  dual  cases  having  short-circuited  series  stubs  if  ull  of  the 
iinpeduuces  in  the  equations  are  replaced  by  corresponding  admittances. 
However,  the  case  for  which  series  stubs  are  of  the  most  practical  interest 
is  the  case  of  wuveguide  band-slop  fillers,  and  as  was  noted  inSec.  12.08, 
it  will  usually  be  desirable  to  use  3#.#/4  sparings  between  stubs  for  wave¬ 
guide  band-slop  filters.  Figure  12.09-2(a)  shows  a  band-stop  filter 
with  3\#/4  sparings  between  A.q/4,  short-circuited,  series  stubs,  while 
Fig.  12.09-2(b)  shows  the  duul  case  having  A.  0 / 4 ,  open - c i rcu  i  ted ,  shunt 
stubs.  fable  12.09-2  presents  design  equations  for  filters  of  the  form 
in  Fig.  12.09-2(a)  having  n  =  2  or  n  =  3  stubs. 

As  has  previously  been  mentioned,  the  equations  in  Tables  12.09-1 
and  12.09-2  are  exact  regardless  of  the  stop-band  width.  However,  in  the 
case  of  Table  12,09-1  and  filter  structures  of  the  form  in  Fig.  12.09-l(a), 
the  impedances  Z^  of  the  shunt  stubs  become  so  high  as  to  be  impractical, 
in  the  case  of  narrow-stop-band  designs.  This  difficulty  can  be  gotten 
around  by  replacing  each  open - c i rc uited  shunt  stub,  which  has  a  resonator 
reactance  slope  parameter  of 


x 

I 


(12.09-4) 


751 


Table  12.09-1 


KXAfT  EQUATIONS  FOR  BAND- STOP  FILTERS 
WITH  A#/4  SPACING  BETWEEN  STUBS 


The  filter  structure  is  aa  shorn  in  Fig.  12 . 09- 1(a).  For  the  dual  esse 
having  short-circuited  series  stubs,  replsce  all  impedances  in  the  equa¬ 
tions  be  1  oe  by  corresponding  adnittsnees. 


2 H  and  Z| 
2  .  (j  •  1  to  n) 
0  c2  to  "> 

*1 

A 

where 

i 

“i 

end 


number  of  stubs 

terniiutinK  impedances 

impedances  of  open-circuited  shunt  stubs 

connecting  line  impedances 

values  of  the  elements  of  t lie  low- pass  prototype 
network  as  defined  in  Fig.  12.02-1. 

i 

o».a 

low- pass  prototype  cutoff  frequency 


a  * 

(In  all  cases  the  left 


bandwidth  parameter  defined  in  Kq.  (12.09-2) 
terminating  impedance  is  arbitrary). 


Cast  of  n  •  1 : 


Core  of  n  *  2: 


7 


1 


*12  “  ZA  0  *  A*0*l) 


7. 


2 


ZB  ‘  z»*oh 


Case  of  n  *  3: 

Z j,  Zjj  and  Zj  —  sane  formulas  ss  esse  n  -  2 
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Tabla  12.09-1  conclud'd 


Cult  of  n  *  4: 


•  Z  ( 2  ♦  — !_  \  ; 
4  \  A«o«,  ) 


ZA'0 


“JS 


U  ♦ 


if. 

*4 


,  .  zfLLl^ m) 
12  V  1  +  A«0«l  / 


2-1  (l  ♦  AMl  +  A,,(l  ♦  A '  Z”  *  «o(A*2  1  4  A 


z.  - 


V«0*1 


*>«  •  AMs> 


2«  “  «o«s  C  *A^)  : 


Z.  • 


«o«s 


Cate  of  n  *  5: 

Zj,  Z,j,  Zj,  Zjj,  Zj-iim  fomulti  *i  case  n  =  4 


«o(l  ♦  A|5«6  +  A,4(l  ♦  *4*5)S)  '  *34  *«  (A*4  1  ♦  Ags*t 


45 


W1  4  2AM»\ 

•o  \  1  ♦  Ags|6  / 


if. 

*0 
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2jt  (*'*)'  (*!?)>  (2  2»)»  (Z  *3)2  (z  23)3 


FIG.  12.09-2  BAND-STOP  FILTERS  WITH  3  \0/4  SPACING  BETWEEN  \0/4  STUBS 


[see  Kin-  5.08-Md)],  by  a  c apac i t  i ve  1  y  coupled  sliort -c  i  rcuited  stub 
resonator  as  shown  in  K i  §» .  1 2 . 05 -1(a),  having  the  same  resonator  slope 

parameter.  Then  the  design  process  becomes  the  same  as  that  in  the  ex¬ 
ample  of  Sec.  12.07.  The  filter  might  take  the  strip-line  form  in 
Fig.  12.07-1,  except  that  in  this  case  the  main  line  of  the  filter  would 
have  some  steps  in  its  dimensions  since  the  connecting  line  impedunces 
"it i  are  generally  somewhat  different  from  the  terminating  impedances. 

The  computed  performance  of  a  filter  design  of  this  type  obtained  using 
the  equations  of  this  section  is  discussed  in  .Sec.  12.10. 

As  previously  mentioned,  the  case  in  Fig.  12.09-2(a)  is  of  interest 
primurily  for  waveguide  band-stop  filters.  Since  the  useful  bandwidth  of 
waveguides  is  itself  rather  limited,  it  is  probable  that  band-stop  filters 
with  narrow  stop-bands  will  be  of  most  interest  for  the  waveguide  case. 

For  narrow-stop-band  designs  the  series-stub  admittances  F will  become  so 
large  as  to  make  them  difficult  to  construct  (and  especially  difficult  to 
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Tabl*  12.09-2 

EXACT  EQUATIONS  FOR  BAND-STOP  FILTERS  WITH  3A „/4  SPACING 
BETWEEN  STUBS  OR  RESONATOR  IRISES 


The  filtar  atructura  ia  of  the  fora  in  Fig.  12.09-2U).  For 
tha  dual  caae  in  Fig.  1 2 . 09- 2(b),  replace  all  adaiittancea  in 
the  equationa  below  with  correaponding  iapedancea. 


n  ■  nuaber  of  atuba 

fj  ■  terainating  adaittancea 

Y  (j  ■  1  to  n)  ■  adaittancea  of  ahort-circuited 
1  aeriea  atuba 

(F .  ,  ).  ■  adaittance  of  kth  (4*1.  2  or  3)  con- 

*  necting  1'ne  froa  the  left,  between  atuba 
j  -  1  and  j 

g  *  valuea  of  the  eleaenta  of  the  low-paaa  prototype 
1  network  aa  defined  in  Fig.  12.02-1 
A  *  eij |u  where  •  low-paaa  cutoff  frequer-:y  and 

a  *  bandwidth  paraaeter  defined  in  Eq.  (12.09-2) 

(In  all  caaea  the  left  terainating  iapedance  ia  arbitrary) 

Caae  »/  n  -  2: 

1,1  ‘  Y*  (1*a <y*2>*  * 

^  "ill  *  ^*0*3(77^) 

/I  ♦  2Ag2g,\ 

Yn  ■  r4Mi  1  V  1  +  Agjgjj 


Caae  of  n  =  3: 
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construct  with  good  unloaded  Q‘ a).  Now  Lhe  series  stubs  have  a  resonator 
susceptance  slope  parameter  of 

-  —Y  (12.09-5) 

and  lor  narrow-stop  band  cuses  it  is  convenient  to  realize  these  resonator 
slope  parameters  using  inductively  coupled  A0/2  short-circuited  stub 
resonators  of  the  form  in  Fig.  1 2 . 05 -1(d).  from  this  point  on,  the  design 
process  is  the  same  as  that  in  the  example  in  Sec.  12.08.  The  completed 
filter  might  look  like  that  in  Pig.  12.08-1  except  that  the  design 
equations  of  this  section  call  l'pr  steps  in  the  impedance  along  the  main 
waveguide  of  the  filter. 

Derivation  oj  the  Design  Equal  ions  in  this  Section  —  Kxact  methods  lor 
Lransmi  ss  i  on  line  filter  design  such  as  the  methods  of  Ozaki  und  lshiiZlJ 
and  of  Jones4  have  existed  for  some  time.  However,  though  these  methods 
are  mulhemat ic a  1 1 y  elegant,  they  are  computationally  so  tedious  that  they 
have  found  little  application  in  actuul  practice.  The  case  described 
herein  is  an  exception  in  that  it  is  an  exact  method  of  design,  yet  is 
also  very  simple  to  use  for  the  design  of  practical  filters.  The  funda¬ 
mental  principle  of  this  design  method  was  first  suggested  by  Ozaki  and 
Ishii,1  while  the  design  equations  in  this  section  were  worked  out  by 
H.  M.  Sch  i  f  fman  .5 

The  design  procedure  ol  this  section  hinges  on  Kuroda’s  identity.  2,3 
This  identity  in  t r ansmi s s i on  -  I ine  form  is  as  shown  in  Pig.  12.09-3. 

Note  thut  this  identity  says  that  a  circuit  consisting  of  an  open  circuited 
shunt  stub  und  a  connecting  line,  which  are  both  of  the  same  length,  has 
an  exact  equivalent  circuit  consisting  of  a  short-circuited  series  stub 
with  a  connecting  line  at  the  opposite  side. 

Figure  12.09-4  traces  out  the  way  in  which  Kuroda’s  identity  is  used 
to  relate  a  bund-stop  filter  of  the  type  in  Fig.  12.09-1 (u)  to  a  low-pass 
prototype  filter.  Figure  12.09-4(a)  shows  a  low-pass  prototype  filter  for 
the  case  of  n  =  3  reactive  elements.  Applying  the  mapping  Fq .  (12.09-1) 

to  the  shunt  susceptances  and  series  reactances  of  this  filter  gives 

=  Cai'.o  tin  f-  (12.09-6) 

>  >  1  \  2  u>0  / 
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(d) AFTCN  AM  LYING  KUftOOA'9  IOCNTITY  TO  Zg  ANO  2  ,'2  AND  TO  Zj  AND  Z23  IN  PART  U) 

(  IU'  in 


FIG.  12.09-4  STAGES  IN  THE  TRANSFORMATION  OF  A  LOW-PASS  PROTOTYPE 
FILTER  INTO  A  BAND-STOP  TRANSMISSION-LINE  FILTER 


(12.09-7) 


v'L9. 

; 


■ 


a  tan 


(fa 


Note  that  the  right  aide  of  Eq.  (12.09-6)  correaponda  to  the  auaceptance 
of  an  open-circuited  stub  having  a  char acter iatic  admittance 

Yi  -  C;o>;o  ,  (12.09-8) 

the  atub  being  A.#/4  long  at  £*>„.  Similarly,  the  right  aide  of  Eq.  (12.09-7) 
correaponda  to  the  reactance  of  a  short -circuited  stub  of  chararteriatic 
impedance 

Z.  .  L'  u>\a  .  (12.09-9) 

the  stub  being  A.#/4  long  at  frequency  w#.  Thus,  the  shunt  capacitors  in 
the  low-pass  prototype  become  open-circuited  shunt  stubs  in  the  mapped 
filter,  while  the  series  inductance  in  the  prototype  becomes  a  short- 
circuited  aeries  stub  in  the  mapped  filter. 

Note  that  in  the  mapped  filter  in  Fig.  12 . 09- 4(b),  the  terminations 
seen  by  the  reactive  part  of  the  f i  1  ter  are  sti  1 1  HA  on  the  lef t  and  on  the 

right.  However,  on  the  right,  two  additional  line  sections  of  impedance 
Z 12  «  ZJ3  -  B B  have  been  added.  Since  their  characteristic  impedance 
matches  that  of  the  termination,  they  have  no  effect  on  the  attenuation 
characteristic  of  the  circuit,  their  only  effect  on  the  response  being 
to  give  some  added  phase  shift.  The  circuit  in  Fig.  12.09-4(b)  then  has 
a  response  which  is  the  desired  exact  mupping  of  the  low-pass  prototype 
response.  The  only  trouble  with  the  filter  in  Fig.  12.09-4(b)  is  that  it 
contains  a  series  stub  which  is  difficult  to  construct  in  a  shielded 
TEM-mode  microwave  structure. 

The  series  stub  in  Fig.  12,09-4(b)  can  be  eliminated  by  application 
of  Kuroda’s  identity  (Fig.  12.09-3).  Applying  Kuroda’s  identity  to  stub 
Fj  and  line  Zl2  in  Fig.  1 2 . 09 -4(b)  gives  the  circuit  in  Fig.  12.09-4(c). 
Then  applying  Kuroda’s  identity  simultaneously  to  stub  Z2  and  line  Z*12, 
and  to  stub  Z'  uud  1  ine  Z2]  in  Fig.  1 2 . 09-4 ( c )  gives  the  circuit  in 
Fig.  12.09-4(d).  Note  that  the  circuit  in  Fig.  1 2 . 09- 4(d)  has  exactly 
the  same  input  impedance  and  over-all  transmission  properties  as  the 
circuit  in  Fig.  1 2 . 09 -4(b),  while  the  circuit  in  Fig.  12. 09-4(d)  has  no 
series  stubs. 
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The  equations  in  Tables  12.09-1  and  12.09-2  were  derived  by  use  of 
repeated  applications  of  the  procedures  described  above.  For  reasons  of 
convenience,  the  equations  in  the  tables  use  a  somewhat  different  notation 
than  does  the  exaaple  in  Fig.  12.09-4;  however,  the  principles  used  are 
the  sane.  The  equations  in  the  tables  in  this  section  also  provide  for  a  - 
shift  in  impedance  level  from  that  of  the  low-pass  prototype. 

SEC.  12.10,  SOME  EXAMPLES  ILLUSTRATING  THE  PERFORMANCE 

OBTAINABLE  USING  THE  EQUATIONS  IN  SEC.  12.09 

In  this  section  both  a  wide-stop-band  filter  example  and  a  narrow- 
stop-band  filter  example  will  be  discussed,  both  being  designed  by  the 
nethods  of  Sec.  12.09.  In  the  case  of  the  narrow-stop-band  design,  the 
high-impedance  shunt  stubs  will  be  replaced  by  capacitively  coupled  stubs 
of  moderate  impedance,  as  was  discussed  in  the  preceding  section. 

A  Wide -St  op-Band  Example  —  Let  us  assume  that  a  design  is  desired 
having  0.1-db  pass-band  Tchebyacbeff  ripple  with  the  band  edges  at 
/ j  ”  1.12  Gc  and  fj  ■  2.08  Gc .  This  puts  the  stop-band  center  at 
/0  ■  (/ 1  +  / 2 ) / 2  *  1.60  Gc.  Let  us  further  suppose  that  at  least  30-db 
attenuation  is  required  at  the  frequencies  /  ■  1.600  t  0.115  Gc.  Now 
w,/o>0  ■  / 1 // #  ■  1.12/1.60  ■  0.70;  while  at  the  lower  30-db  point, 
w/co#  ■  ///#  ■  (1.600-0. 1151/1. 500  -  0.9283.  By  Kq.  (12.09-2),  a  -  0.5095; 
and  by  Eq.  (12.09-1),  the  low-pass  prototype  ■“ l» u  1  tl  have  at  least  30-db 
attenuation  for  w'  /u1,  ■  4.5.  By  Fig.  4.03-5  we  find  that  an  n  ■  3  proto¬ 
type  will  have  34.5-db  attenuation  for  u>' /wj  »  4.5,  while  an  n  *  2  design 
will  have  only  15.5-db  attenuation.  Hence,  an  n  "  3  design  must  be  used. 

From  Table  4.05-2(a)  the  low-pass  prototype  parameters  g0  *  1, 
gj  ■  1.0315,  g2  “  1.1474,  gj  ■  1.0315,  g4  ■  1.0000,  and  coj  ■  1  were  ob¬ 
tained.  Using  Table  12.09-1  with  Z,  ■  50  ohms,  the  line  impedances  were 
then  computed  to  be  Zj  »  Z 3  *  145.1  ohms,  ZI2  ■  ZJ3  »  76.3  ohms,  Z2  ■  85.5 
ohms,  and  Zt  »  50  ohms.  The  filter  was  constructed  in  strip-line  form, 
and  its  dimensions  are  shown  in  Fig.  12.10-1.  Note  that  the  Zj  *  85. 5-ohm 
stub  has  been  realized  as  two  176-ohm  stubs  in  parallel.  This  was  done  so 
that  narrower  stubs  could  be  used  which  should  have  less  junction  effect.* 

Am  this  notarial  ia  goiap  to  preaa  im  atidaac*  ho*  boo*  obtained  oo  aaotkar  filter  ttrootaro,  which  iadi- 
oatoa  tkat  at  looat  aider  a  Ova  circaaataacaa  it  say  be  aaoiee  to  replea*  a  aiapla  atak  bydoakl*  ataba  i* 
parallel.  Soaa  aapariaaatal  raaalta  aappaat  tkat  tkara  aay  ka  iatoraatioa  baton*  tke  too  etaha  ia 
parallal  ao  tkat  r*t*rdlaa*  of  tkair  taaiaf  they  will  aloaya  five  to*  aoparata  reeoaeacoa  okora  tkoy  ar* 
both  oapoctad  to  raaooat*  at  tk*  aaaa  fraqaaacy.  Mao,  botoeea  tka  too  roeeaeacoa  tka  attaaaatiaa  of  tka 
pair  of  ataba  aay  drop  vary  loo.  Tliia  aaaaibla  kakatiar  of  double  ataba  aaada  further  atedy,  aid  ia 
■aatioaed  hero  to  alart  tka  raadar  of  wkat  coaid  b*  a  pitfall. 
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FIG.  12.10-1  A  STRIP-LINE,  WIDE-STOP-BAND  FILTER 

The  stubs  in  this  case  are  realised  using  round  wire  supported  by  I’olyfoam. 
The  dimensions  of  the  round  wires  were  determined  by  use  of  the  approximate 
formula 


d 


v 


ib 


ant i log 


(12.10-1) 


where  d  is  the  rod  diameter,  b  is  the  ground  plane  spacing,  £  is  the 
relative  dielectric  constant,  and  Z  is  the  desired  line  impedance. 

Figure  12.10-2  shows  the  meusured  and  computed  performance  of  the 
filter  in  Fig.  12.10-1.  Note  that  the  computed  performance  is  in  perfect 
agreement  with  the  specifications,  as  it  should  be.  The  measured  per¬ 
formance  of  the  filter  is  also  in  excellent  agreement  with  the  specifica¬ 
tions,  except  that  the  filter  is  tuned  slightly  high.  This  could  have 
been  corrected  by  the  addition  of  tuning  screws. 

A  Narrow-Stop-Band  Filter  Example  —  Figure  I2.10-3(a)  shows  another 
3-stub  band-stop  filter  design  worked  out  using  Table  12.09-1  and  the  same 
low-pass  prototype  ns  was  used  for  the  design  described  above.  However, 
in  this  case  the  pass-hand  edges  were  defined  so  as  to  give  n  stop-band 
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FIG.  12.10-2  COMPUTED  AND  MEASURED  PERFORMANCE  OF  THE 
WIDE-STOP-BAND  FILTER  IN  FIG.  12.10-1 


Zi>lMS  ZfllOt  Z,*  IMS 


Z>  •  SO  Z„>  9Z  Z„-  92  Z,"  SO 


*L|.  STUM  HAVE  zj  •  191  9  okm* 

uoC,  •  uqC)  •  OOOZ39  mko,  «o  C2  ■  0  OOZS*  mho 

(♦o),'  (♦o)J<ro'*>  (♦o)*-MT* 


■  J»r  HI 


(0> 


- 

n 

\ 

M. 

n, 

i 

0c, 

I  «oCi 

J . ^ 

I  «oC, 

J  V 

j 

>90  Z,t*9t  t|,<  9i  Z|  •  90 

(b) 


FIG.  12.10-3  NARROW-STOP  BAND  FILTERS 


fractional  bandwidth  ol  «  •  0.05  aa  measured  to  the  equal-ripple  pasa- 
band  edges.  Aa  can  be  seen  front  the  figure,  in  this  case  the  line 
impedances  Zlt  ‘  Z]}  ere  very  nearly  the  same  aa  the  terminating  imped¬ 
ances;  however,  the  stub  impedances  are  in  excess  of  1,000  ohms.  To 
eliminate  these  impractical  stub  impedances,  the  open-circuited  atub 
resonators  were  replaced  by  capacitively  coupled  short-circuited  stub 
resonators  as  described  in  Sec.  12.09.  Tbe  atub  impedances  were  arbi¬ 
trarily  set  at  151.5  ohms,  but  probably  a  lower  impedance  would  have 
been  a  better  choice  from  tbe  standpoint  of  obtaining  maximum  resonator 
unloaded  Q’  s.  Figure  )2.10-3(b)  shows  the  design  using  capacitively 
coupled  resonators. 

Figure  12.10-4  shows  the  computed  responses  of  these  two  designs. 
Note  that  the  exact  design  [in  Fig.  12. 10-3(a)]  has  the  desired  0.1-db 
pass-band  ripple  as  specified.  Though  the  approximate  design  with 
capacitively  coupled  stubs  deviates  a  little  from  the  specifications, 
it  comes  very  close  to  the  response  over  the  frequency  range  shown. 
However,  as  can  be  seen  from  Fig.  12.10-5,  whicb  shows  the  same  responses 
with  enlarged  scale  over  a  larger  frequency  range,  at  higher  frequencies 
the  response  of  the  approximate  design  deviates  a  good  deal  from  that  of 
the  exact  design.  This  is  due  to  the  variation  of  the  coupling  suscep- 
tances  with  frequency.  Though  either  the  method  of  Sec.  12.04  or  the 
method  of  Sec.  12.09  will  involve  some  error,  narrow-band  designs  worked 
out  by  starting  with  the  equations  in  Sec.  12.09  can  be  expected  to  give 
more  accurate  results. 
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FIG.  12.10-4  COMPUTED  RESPONSE  OF  THE  FILTERS  IN  FIG.  12.10-3 


*  Ml  Ml 


FIG.  12.10-5  THE  RESPONSES  IN  FIG.  12.10-4  WITH  AN  ENLARGED  SCALE 
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CHAPTER  13 


TEM-MODE,  COUPLED* TRANSMISSION- LINE  DIRECTIONAL  COUPLERS, 

AND  BRANCH-LINE  DIRECTIONAL  COUPLERS 

SEC.  13.01,  INTRODUCTION 

Though  there  are  many  possible  kinds  of  directional  couplers,  the 
diacuaaion  in  this  book  will  be  confined  to  only  two  types.  They  sre 
TEM-mode  couplers  consisting  of  parallel,  coupled  transmission  lines1*7 
(Secs.  13.01  to  13.08),  and  branch-line  couplers  which  may  be  of  either 
TEM-mode  or  waveguide  form* *' 1  (Secs.  13.09  to  13.14).  TEM-mode, 
coupled- transmi ssion- 1 ine  couplers  are  included  because  they  relate 
very  closely  to  some  of  the  directional  filters  discussed  in  Chapter  11, 
they  are  a  very  widely  used  form  of  coupler,  and  they  are  a  type  of 
coupler  of  which  the  authors  have  special  knowledge.  The  branch-line 
couplers  are  included  because,  as  is. discussed  in  Chapter  15,  they  are 
useful  as  part  of  high-power  filter  systems,  and  because  they  also  are 
a  form  of  coupler  of  which  the  authors  happen  to  have  special  knowledge 
in  connection  with  high-power  filter  work.  No  effort  will  be  made  to 
treat  the  numerous  other  useful  forms  of- couplers  which  appear  at  this 
time  to  be  less  closely  related  to  the  topics  in  this  book. 

Figure  13.01-1  illustrates  schematically  a  quarter-wavelength 
coupler  and  a  three-quarter-wavelength  coupler,  together  with  their  fre¬ 
quency  responses.  These  couplers,  like  all  couplers  analysed  in  this 
chapter,  have  end-to-end  symmetry.  The  coupled  signal  travels  in  the' 
direction  opposite  to  that  of  the  input  signal  and  therefore  these  couplers 
are  often  referred  to  as  "backward  couplers.”  The  electrical  length,  6, 
of  each  coupled  section  in  the  two  couplers  is  90  degrees  at  midband. 

The  variation  of  coupling  with  frequency  in  the  single-section,  quarter- 
wavelength  coupler  is  approximately  sinusoidal.  The  coupling  variation 
with  frequency  is  much  less  in  the  3-section  coupler,  which  is  formed  by 
cascading  three,  quarter-wavelength  couplers.  It  can  be  made  to  be 
maximally- flat  or  equal-ripple  by  adjusting  the  couplings  of  the  three 
individual  couplers.  Even  greater  bandwidths  can  be  obtained  by  cas¬ 
cading  more  than  three  couplers. 
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OUT 


QUARTER -WAVE LENGTH  COUPLER  THREE -OUARTER- WAVELENGTH  COUPLER 

t-Nir-iM 


SOURCE:  Final  R.»ort,  CoMr.cl  DA-16-0SV  SC-632S2.  SRI; 
npdatad  la  IRK  Tim.  PGUTT  (aaa  Ral.  S  b, 

].  K.  Sblmisu  and  E.  M.  T.  Jaaaa) 


PIG.  13.01-1  SKETCH  SHOWING  TYPICAL  CONFIGURATIONS  AND  FREQUENCY 
RESPONSES  FOR  TEM-MODE,  COUPLED-TRANSMISSION-LINE 
DIRECTIONAL  COUPLERS  OF  ONE  AND  THREE  SECTIONS 


A  variety  of  physical  configurations  for  the  coupled  TEM  lines  can 
be  used  in  these  couplers,  as  is  illustrated  in  Fig.  13.01-2.  The  con¬ 
figurations  (a),  (b)  and  (c)  are  aost  suitable  for  couplers  having  weak 
coupling  such  as  20  db,  30  db,  etc.  The  configurations  (d),  (e),  (f), 

(g)  and  (h)  are  most  suitable  for  couplers  having  tight  coupling  such  as 
3  db.  Intermediate  values  of  coupling  can  usually  most  easily  be  obtained 
with  configurations  (d),  (e),  If),  and  (g),  although  configuration  (a)  is 
often  useful.  Configuration  (e)  has  a  disadvantage  in  that  the  individual 
lines  are  unaymmetri cal ly  located  with  respect  to  the  ground  planes;  hence 
the  connections  at  the  ends  tend  to  excite  ground-plane  modes.  This  can 
be  prevented,  however,  if  the  structure  is  closed  in  st  the  sides  so  that 
only  the  desired  TEM  modes  can  propagate.  Configuration  (f)  avoids  this 
difficulty  by  making  one  of  the  lines  double,  while  the  other  line  inter¬ 
leaves  the  double  line  in  order  to  give  tight  coupling.  In  this  manner 
the  structure  is  made  to  be  electrically  balanced  with  respect  to  the 
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ground  pianos,  and  ground-plane  Modes  will  not  be  excited.  Configuration 
(h)  uses  conductors  4  and  B  of  circular  croaa  section,  aurrounded  by  a 
conductor  C.  The  electrical  potential  of  C  is  floating  with  respect  to 
the  potentials  of  the  ground  planes  D  and  of  conductors  A  and  B.  The  ad¬ 
dition  of  the  floating  shield  C  has  the  effect  of  greatly  increasing  the 
coupling  between  lines  A  and  B. 

The  actual  configuration  to  use  in  a  particular  application  depends 
on  a  nuwber  of  factors.  However,  configuration  (a)  is  most  frequently 
used  for  weak  coupling  while  configuration  (e)  is  often  used  for  tight 
coupling.  Doth  of  these  configurations  can  be  fabricated  by  printed- 
circuit  techniques.  Configuration  (c),  utilising  round  conductors,  is 
particularly  good  for  weak-coupli ng,  high-power  applications.  When  con¬ 
figuration  (e)  is  fabricated  using  thick  strips  with  rounded  edges,  it  is 
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FIG.  13.01-2  CROSS  SECTIONS  OF  TYPICAL  T EM-MODE, 
COUPLED-TRANSMISSION-LINES 
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suitable  for  strong-coupling,  high-power  applicetiona.  Reference  to  the 
detailed  deaigna  presented  in  Sect.  13. OS  and  13.06  nay  alao  help  the 
reader  decide  on  the  noat  appropriate  configuration  for  hia  particular 
application. 

It  ia  essential  for  the  operation  of  these  couplers  that  the  cross 
section  be  unifonely  filled  with  air  or  sone  other  low-loss  dielectric 
naterial.  Configurations  (c)  and  (g)  have  enough  rigidity  so  that  they 
can  be  air-filled.  With  the  other  configurations  it  ia  usually  necessary 
to  use  a  rigid,  low-loss  dielectric  material  for  mechanical  support. 

SEC.  13.02,  DESIGN  RELATIONS  FOR  TEM-MODE,  COUPLED-TRANSMISSION- 
LINE  DIRECTIONAL  COUPLERS  OF  ONE  SECTION 

TEM-aiode  coupled- tranamiss ion- 1 ine  directional  couplers  theoretically 
are  perfectly  matched  and  have  infinite  directivity  at  all  frequencies. 
When  a  wave  of  voltage  amplitude  f  ia  incident  upon  Port  1  of  a  quarter- 
wavelength  coupler  (Fig.  13.01-1),  the  voltage  at  Port  2  is  given  by 


jc  sin  d 


E 


*^1  ”  c*  cos  &  *  j  ain  6 


(13.02-1) 


while  the  voltage  at  Port  4  is  given  by 

E , 


sr 


(13.02-2) 


*  /l  “  c*  cos  0  +  j  sin  Q 

where  c  is  the  coupling  factor,  which  is  the  midband  value  of  |£2/£|. 

Since  the  phases  of  Et  and  E 4  are  usually  of  little  interest, 
Eqa.  (13.02-1)  and  (13.02-2)  can  be  reduced  to 


and 


I'.l1 


i*«r 


c*  sin*  6 
l  “  c*  cos*  6 


(13.02-la) 


1  -  c*  cos*  6 


( 13.02-2a) 
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For  mil  values  of  e,  Eq.  (13.02*1)  prodicta  that  f}/f  varies  as  sin  8. 
For  largo  values  of  c  the  coupling  variation  with  frequency  is  aa  shown 
in  Fig.  13.02*1.  The  voltage  at  Port  3  is  aaro.  (Those  results  are 
proved  in  Sac.  13.07.) 

The  electrical  length.  8,  of  the  coupled  lines  is  related  to  the 
physical  length  1  by  aeans  of  the  relation  8  ■  2nl/k,  where  is  the  rave- 
length  in  the  aediua  surrounding  the  coupled  lines.  The  aidband  voltage 
coupling  factor  c  is 


e 


«,./»oa  -  * 


(13.02-3) 


where  Z((  and  Z#<  are  the  even*  and  odd-aode  iapedancea  discussed  below. 
In  order  that  tha  coupler  be  perfectly  aatched  to  ita  terainating  tram- 
aiaaion  line  of  characteristic  iapedance  l%,  it  is  necessary  that 

Z,  "  /Z.A.  (13.02-4) 


The  even-aode  iapedance  Z<(  is  the  characteristic  iapedance  of  a  single 
coupled  line  to  ground  when  equal  currents  are  flowing  in  the  two  linea, 
while  the  odd-aode  iapedance  Z>#  is  the  charactariatic  iapedance  of  j 
single  line  to  ground  when  equal  and  opposite  currents  are  flowing  in  the 
two  lines.  Values  of  Z((  and  Zf|  for  a  nuaber  of  cross  sections  are 
preaented  in  Sec.  5. 05. 

Equations  (13.02-3)  and  (13.02-4)  can  be  rearranged  to  give  the  con¬ 
venient  design  relations 


and 


(13.02-5) 


(13.02-6) 


The  physical  diaanaiona  necessary  to  give  the  required  even-  and  odd-aode 
iapedancea  Z((  and  Z0t  can  then  be  obtained  froa  Sec.  5.05. 
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FIG.  13.02-1  COUPLING  AS  A  FUNCTION  OF  FREQUENCY  FOR 
T EM-MODE,  COUPLED-TRANSMISSION-LINE 
DIRECTIONAL  COUPLERS  OF  ONE  SECTION, 
HAVING  TIGHT  COUPLING 
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SEC.  13.03,  DESIGN  RELATIONS  FOR  TEM-MODE,  COUPLED- TRANSMISSION¬ 
LINE  DIRECTIONAL  COUPLERS  OF  THREE  SECTIONS 

The  analysis  of  TEM-mode  couplers  of  more  than  one  section  soon  leads 
to  long  and  coaiplicated  expressions.  The  problem  simplifies  somewhat  when 
one  recognises  that  the  TEM-mode  coupler  is  analytically  similar  to  the 
quarter-wave  transformer.  That  is  to  say,  the  even  and  odd  modes  of 
operation  are  duals  of  each  other  (impedance  in  one  corresponds  to  admit¬ 
tance  in  the  other,  and  vice  versa),  and  the  mathematics  of  each  mode  then 
reduces  to  the  analysis  of  cascaded  transmi asion* 1 ine  sections,  each  of 
which  is  one-qusrter  wavelength  long  at  center  frequency.  There  is,  how¬ 
ever,  one  major  difference  between  the  desired  performance  of  the  TEM- 
mode  coupler  and  that  of  the  quarter-wave  transformer  of  Chapter  6:  Whereas 
the  quarter-wave  transformer  is  required  to  have  low  reflection  in  the 
operating  band,  the  “quarter-wave  filter"*  on  which  the  TEM  coupler  is 
based  is  required  to  have  a  sizeable  specified  and  nearly  constant  reflec¬ 
tion  coefficient  acrosa  the  band  of  operation.  Thus  the  transducer  loss 
functions  are  not  the  same,  and  the  numerical  data  in  Chapter  6  then  do 
not  apply  to  TEM-mode  directional  couplers.  A  new  analysis  has  to  be 
undertaken  for  the  qu'arter-wave  filter  prototype.  Figure  13.03-l(a)  shows 
a  three-section  coupler  and  Fig.  1 3. 03 -1(b)  shows  a  quarter-wa ve- f i 1  ter 
prototype  from  which  it  can  be  designed. 

The  results  of  an  analysis  of  a  symmetrical  three-section  coupler 
(Fig.  13.03-1)  will  be  given  without  proof  in  this  section.  It  will  be 
followed  in  Sec.  13.04  with  a  first-order  formula  for  a  symmetrical  coupler 
of  any  (odd)  number  of  sections,  and  some  particular  solutions  for  five- 
section  couplers. 

Since  this  type  of  coupler  has  matched  resistive  impedances  at  all  of 
its  ports,  |E/£4I1  corresponds  to  the  transducer  loss  ratio.  For  three- 
it  is  given  by  a  polynomial  in  cos2  6  (compere  with 


■  40  +  Aj  cos2  8  +  cos*  8  +  cos4  8  (13.03-1' 


section  couplers 
Sec.  6.02), 

I  E  1 * 


Th«  tana  "quarter-wave  filter'*  la  introduced  to  diatinguiah  the  reaulting  phyaically  aynMaetr ical 
atructuroa  f roe  quarter-wave  iapedanct  tranaforeera  with  a  Monotone  aequence  of  alepa,  aa  in  Chapter  6, 
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FIG.  13.03-1  THREE-SECTION  TEM-COUPLER  AND 
QUARTER-WAVE  FILTER  PROTOTYPE 


where  Afl,  A, ,  A, , 

and  are 

functions 

of  the  end-  and 

middle-section 

coupling  factors  c 

!  and  c{. 

The  A' a  are  given  by 

"  Ll 

(13.03-2) 

•  (t2  ” 

l)2  'Ll  - 

L9LlLi 

(13.03-3) 
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in  which 


l  1  *  **  ~  2eiet 

*  ’  (i  -  c»)  /r=ri 
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2(1  -  c,Cj) 

/(I  "  c*)(l  -  c\) 


}  (13. 03-6) 


The  coupling  voltage  E t  is  then  found  (from  conaervation  of  energy) 
to  be  related  to  E  and  £(  by 


(13.03-7) 


Design  Formulas-— Since  the  three-section  coupler  ahown  in  Fig.  13.03-1 
ia  symmetrical,  one  has  to  determine  two  even-mode  and  two  odd-mode  im¬ 
pedances,  ao  that  its  physical  dimensions  can  be  determined  from  Sec.  5.05. 

The  even-  and  odd-mode  impedances  (Z  )  ,  (Z  )  ,  (Z  )  ,  and  (Z  )  are 

1  1  7  7 

related  to  the  coupling  factors  c,  and  e2  by 

rrrTi 

iZ..),  *  - -  -  d  -  1.2)  (13.03-8) 

and 

/l  - 

(*,.)  -  Z  oVt -  -  1,2)  .  (13.03-9) 

‘  f  1  +  ct 

Design  formulas  for  Cj  and  c?  will  now  be  stated,  and  their  deriva¬ 
tion  will  be  indicated  afterwards.  The  midband  over-all  coupling  is  de¬ 
noted  by  c0, -which  is  the  value  of  \Bt/B I  at  midband.  The  coupler 
performance  ia  uaually  specified  by  the  midband  coupling  cQ  and  one  other 
parameter  which  determines  the  shape  of  the  coupling  response  against  fre¬ 
quency,  for  instance  whether  it  is  to  be  maximally  flat  or  to  have  a 


•pacified  ripple.  This  parameter  ia  here  denoted  by  and  it  determined 
from  Figs.  13.03-2  and  13.03-3  aa  will  be  explained  below.  Hie  design 
procedure  for  a  three- section  coupler  (Fig.  13.03-1)  ie  then  ••  follow*: 

1.  Determine  the  eidband  coupling,  c(.  For  inatence,  for  a  three- 
section  3-db  coupler  with  0.3-db  ripple,  10  logl#  (cj)  ■  3.3  db. 

2.  Then  determine  K,  Hr  from  Fig.  13.03-2.  For  e  maximally  flat 
coupler,  '  ^i.  ur  •  For  an  equal-ripple  coupler,  determine 
Fj  from  Fig.  13.03-3.  Use  the  10*db  curve  for  all  couplers 
with  coupling  weaker  than  10  db. 

If  the  ripple  ia  specified  (for  instance,  if  the  coupling  ia  to 
lie  between  2.7  and  3.3  db,  the  ripple  is  0.3  db),  then  the  lower 
curves  in  Fig.  13.03-3  are  used.  If  the  fractional  bandwidth  ■ 
is  specified,  the  upper  curves  in  Fig.  13.03*3  are  used.  (The 
fractional  bandwidth  »  is  here  defined,  as  usual,  by 


(13.03-10) 


where  / j  and  /g  are  the  band-edge  frequencies  of  the  equal-ripple 
pass  band.  Either  the  ripple  or  the  bandwidth  may  be  specified, 
and  they  are  related  as  shown  in  Fig.  13.03-4.* 

3.  Determine  ft  from 

1  ♦  c0 

ft  -  -  (13.03-11) 

1  '  c9 

where  cg  is  the  coupling  factor.  [The  midband  coupling  in  decibels 
is  10  logjQ (cg)  db.  ] 

4.  Determine  from 

F,  -  F,Fff  (13.03-12) 

5.  Determine  Z  j  and  Zj  from 

Z,  -  F,  ,  Z,  -  F,Fg  (13.03-13) 

6.  Finally,  determine  and  cg  from 

Z\  -  1  Z\  -  1 

c.  ■  -  and  o,  •  ■  -  .  (13.03-14) 

Z\  +  1  Z*  +  1 

*  Tkara  ia  a  aliakt  iacaatiateaay  ia  tkaaa  aartaa  »ii|  (a  a  laak  of  aora  coaplata  aaaariaal  4ata.  Tka 
lt-a  earra  rafara  to  10  *  at  caatar  fraeaaaeyj  tka  !-ii  earva  rafara  ta  l-ik  avarafa  afar  tka  kaa4. 
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SOURCE:  Proc.  TEE  Ref.  24  by  L.  Yount) 


FIG.  13.03-2 


Vl  "  vl  uf  0F  maximally  FLAT,  THREE-SECTION 
TEM-MOrf?  COUPLER  AS  A  FUNCTION  OF  MIDBAND  COUPLING 


SOURCE*  Proc.  |EE  (»rp  Hrf.  24  by  I..  Young) 

FIG.  13.03-3  FRACTIONAL  BANDWIDTH  AND  RIPPLE  AS  V,  IS  INCREASED, 
FOR  3-db  AND  10-db,  THREE-SECTION  TEM-MODE  COUPLERS 
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The  (Z#<)  ««d  (Z##)  are  then  given  by  Eqs.  (13.03-8)  and  (13.09-9) 

and  the  physical  dimensions  can  be  obtained  from  Sec.  5.05,  as  already 
pointed  out. 


SOUKCEi  Pmc.  IEE  R.f  24  hr  L.  Y»m> 


FIG.  13.03-4  FRACTIONAL  BANDWIDTH  AS  A 
FUNCTION  OF  RIPPLE  FOR 
THREE-SECTION  TEM-MODE 
COUPLERS  WITH  3-db,  10-db, 

AND  WEAK  COUPLING  FACTORS 


Quarter- Rave  Filter  Parameter*-- The  parameters  Vj,  V^,  Zx,  Z,,  and 
R  just  introduced  have  meaning  in  terms  of  the  quarter-wave  filter  proto¬ 
type  circuit,  which  will  be  explained  more  fully  in  Sec.  13.08.  The  essence 
of  this  design  concept  is  that  the  backward -coup  1 ed  wave  of  the  TEM-mode 
coupler  ( in  Fig.  13.03-2)  corresponds  analytically  to  the  reflected  wave 
of  the  quarter-wave  filter,  as  indicated  in  Fig.  13.03*l(a)  and  (b).  One 
therefore  has  to  synthesise  only  a  two-port  (instead  of  a  four-port), 
making  its  reflected  wave  behave  as  one  would  want  the  coupling  to  be. 

The  V(  are  the  step-VSWR’s,  and  the  Zt  are  the  normalised  impedances 
[Fig.  13.03-l(b)]  which  sre  turned  into  the  (Z#t  )  and  (Z##)^  *>y  mo*n#  of 
Eqa.  (13.03-8)  through  (13.03-14).  Equation  (13.03-6)  also  simplifies  to 
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>  (13.03-15) 


The  parameter  fl  corresponds  to  the  midband  VSWR  of  the  quarter-wave  filter, 
and  c(  ia  its  midband  reflection  coefficient.  Furthermore,  at  midband  its 
section  lengths  are  6  ■  n/2,  and  the  reflected  and  transmitted  powers  are 
then  given  by 


( 


fl  -  1  \» 
«  +  1/ 


(13.03-16) 


and 


4  R 

(fl  +  l)2 


(13.03-17) 


Maximally  Flat  Coupling  —  To  obtain  a  maximally  flat  response  at 
t)  «  v/2,  we  may  specify 


4,  ■  0  (13.03-18) 

in  Eq.  (13.03-1).  Eliminating  1'2  leaves  a  quartic  equation  in  Fj  : 


2vn 


_  ,  2  „  —  1 

_  2F,  +  —  +  F?vfl  + - 


V2/R 


3 (R  +  1); 

4  fl 


.  (13.03-19) 


The  solution  of  this  equation  is  graphed  in  Fig.  13.03-2  where  *»  ■  Vi.-r 

is  plotted  against  the  midband  coupling  in  decibels.  Selecting 

from  Fig.  13.03-2  or  Eq.  (13.03-19)  will  give  a  maximally  flat  response. 

(It  turns  out  that  when  is  thus  made  to  vanish,  A^  is  not  equal  to  zero. 
To  obtain  a  flatter  response  with  both  4j  and  A2  equal  to  zero,  the  coupler 
or  filter  cannot  be  symmetrical  between  ends.) 
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When  the  midbsnd  coupling  is  Maintained  constant  while  F,  is  in¬ 
creased  above  the  curve  in  Fig.  13.03-2i  the  coupling-versua- frequency 
characteristic  turns  fro«  maximally  flat  to  equal- ripple.  The  tipple 
region  for  Fj  is  indicated  in  Fig.  13.03-2. 

10-db  Couplers — A  maximally  flat,  10-db  coupler  has  the  quarter-wave 
filter  parameters  Ft  =  Z(  *  1.041,  F}  =  Z}/Z,  =■  1.446  (so  Z t  *  1,505). 
and  hence  Cj  ■  0.0403,  c}  ■  0.38B.  As  Fj  is  increased,  the  coupling  re¬ 
sponse  develops  ripples,  as  can  be  seen  from  Fig.  13.03-5  which  shows  six 
curves  of  coupling  against  frequency  for  F(  =  1.04,  1.06,  1.08,  1.10, 
1.12,  and  1.14.  The  coupling  is  symmetrical  about  the  center  frequency 
in  Fig.  13.03-5,  and  is  therefore  plotted  only  for  frequencies  above  mid¬ 
band.  The  midband  coupling  haB  been  maintained  at  10  db  by  satisfying 
Eq.  (13.03-12)  with  R  ■  1.026.  [This  R  is  obtained  from  Eq.  (13.03-11) 
with  c0  -  0.3162,  corresponding  to  10-db  .coupling.]  For  any  given  Fj, 
the  parameter^  c (  and  cJt  and  the  even-  and  odd-mode  impedances,  (Z,t) 
and  (Z'()  .  can  be  derived  from  Eqs.  (13.03-8)  through  (13.03-14). 


FIG.  13.03-5  COUPLING  AS  A  FUNCTION  OF 
FREQUENCY  FOR  SIX  THREE- 
SECTION  TEM-MODE  COUPLERS 
HAVING  10-db  MIDBAND  COUPLING 

3-db  Couplers1’5 — Similar  curves  for  3-db  couplers  are  reproduced  in 
Fig.  13.03-6,  except  that  here  the  average  coupling  is  maintained  constant 
at  3  db.  (In  Fig.  13.03-5  the  midband  coupling  was  maintained  constant 
at  IQ  db. )  The  five  curves  shown  in  Fig.  13.03-6  have  coupling  ripples  of 
0.1,  0.2,  0.3,  0.4,  and  0.5  db,  respectively,  and  their  coupling  factors 
are  given  in  Table  13.03-1. 
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V 


NORMALIZED  FREQUENCY,  |/f0 

«NIMOO 


SOURCE:  Final  R.pori,  Contract  DA-36-039  SC-63232.  SRI; 
reprinted  in  IRE  Tram*.  PCUT1'  (a«a  Raf.  S  by 
J.  K.  Shimitu  and  F.  M.  T.  Jonaa) 

FIG.  13.03-6  COUPLING  AS  A  FUNCTION  OF  FREQUENCY  FOR 
FIVE  THREE-SECTION  TEM-MODE  COUPLERS 
HAVING  3-db  AVERAGE  COUPLING 


0-db  Coupling — It  cun  be  shown  for 
the  maximally  flat,  t h ree- sec t ion  coupler 
that  in  the  limit  as  H  tends  to  infinity, 
and  as  the  coupling  ratio  therefore  tends 
to  unity  (0-db),  V(  tends  ultimately  to 
/ 3/2 .  (Vj  tends  to  i n fin i ty . )  Thus  V, 

for  the  maximally  flat  th ree- sec ti on 
coupler  never  exceeds  ^3/2  *  1.224745, 
or  equivalently,  c(  never  exceeds  0.2. 

(Of  course  it  is  not  possible  to  ever 
attain  0-db  coupling,  .just  us  it  is 
impossible  to  ever  attain  complete  reflec¬ 
tion  in  a  stepped- impedance  filter.) 


Table  13.03-1 


RESIGN  PARAMETERS  FOR 
THREE -SECTION.  3-db, 
TEM-MCRE  COUPLERS 


db  RIPPLE 

C1 

c2 

e0 

*0.1  db 
*0.2  db 
*0. 3  db 
*0.4  db 
*0.5  db 

0. 15505 
0.18367 
0.21104 
0.23371 
0.25373 

0.8273 

0.8405 

0.85241 

0.86119 

0.86838 

0 . 6008 
0.6918 
0.6839 
0.6760 
0.6683 

SOURCE:  Final  Report,  Contrast  DA-36- 
039  SC. 63232,  SRI;  reprinted 
in  IRE  Tr ana.  PGHTT  (aaa 
Raf.  5  by  J.  K,  Skiaiiu  and 
E.  M.  T.  Jonaa) 


SKC.  13.04,  RELATIONS  KOI!  TKM-MODK  (.0111*1. LD-THANSM I. SSI  ON -LINE 
DIRECTIONAL  COlll’I.EHS  OK  FIVE  AND  MODE  SECTIONS 

First -Order  Design  Theory  —  It  is  not  difficult  to  show  that  for  weak 
couplings  the  amplitude  coupling  ratio,  c(C),  of  an  n-section  coupler  as 
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a  function  of  6,  is 


c! 


sin  n  t)  +  (Cj  -  «•  4 )  sin  (n  -  2)  6  +  ... 

♦  (c4  -  t,.,)  sin  (n  -  2i  +  2)  t)  +  ... 

+  ’  C[(.-D/i)  }  8in  6 


(13.04-1) 


in  the  notation  of  fig.  13.04-1.  If,  for  example,  it  is  required  to  ob¬ 
tain  maximally  flat  coupling,  then  the  ct  must  satisfy  a  set  of  (n  ~  l)/2 
1  inear  equations 


dd> 


0**/2 


*  0 


>  (13.04-2) 


for  p  -  2,  4,  6 . n  ~  1 


in  addition  to  one  equation,  determining  the  cell te r- f requency  coupling. 
The  solutions  jf  the  system  of  equations  (13.04-2)  for  n  *  3  and  n  ~  5 
can  be  shown  to  be, 


for  n  =  3,  c2  -  10  c ,  ;  cQ  -  Cj  -  2cf  «  8cj  (13.04-3) 


COUPLING 

FACTORS 


-IMMOI 


SOURCE)  Proc.  IEE  (see  Ref.  24  by  L.  Youn*> 

FIG.  13.04-1  TEM-MODE  COUPLER  OF  n  SECTIONS 
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and  for  n  =  5, 


536 


84 


2Cj  +  2c  j 


386c  j/9 


(13.04-4) 


It  can  also  be  shown  that  Eq.  (13.03-19)  for  the  maximally  flat, 
three- section  coupler  reduces  in  the  first-order  approximation  to 


7  +  /K 


(13.04-5) 


Solutions  for  Five-Section  Couplers — As  was  the  case  with  the 
three- section  coupler  in  Sec.  13.03,  the  solution  of  the  five-section 
coupler  is  most  easily  expressed  in  terms  of  the  normalized  quarter-wave 
filter  impedances  Zx  ,  Zj ,  and  Zj,  which  are  again  related  to  the  coupling 
factors  C'  (Fig.  13.04-1)  by 


1  *  c, 
1  “  c 


or 


7 :?  +  1 


U  *  1,  2,  3) 


(13.04-6) 


corresponding  to  F.q.  (13.03-14)  for  the  three- section  coupler.  Again 
the  (Z  )  and  (Z  )  are  obtained  as  in  F!qs.  (13.03-8)  and  (13.03-9), 
but  with  i  -  1,  2,  3. 

The  first-order  solution  in  F.q.  (13.04-4)  for  maximally  flat 
coupling  must  become  less  accurate  as  the  c(  approach  unity,  since 
they  can  never  exceed  unity.  Equation  (13.04-4)  becomes  more  accurate 
for  appreciable  couplings  i f  we  substitute  log  Z(  for  c  .  [Compare 
the  similarly  expedient  substitution  used  in  Eq.  (6.06-11)  in  the  first- 
order  theory  of  quarter-wave  transformers.]  Then  for  maximally  flat 
couplers,  to  a  good  approximation, 
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(13.04-7) 


1 


log  Zj  log  Zj  log  Zx 
~536  ’  84  “  ~ 


The  Z j.  Z 2 ,  end  Z}  are  completely  determined  when  the  midband  coupling 
factor  cg  is  al  ao  apecified,  from  the  formula 


log  Zj  -  2  log  Z,  +  2  log  Z, 


(13.04-8) 


(which  is  a  special  case  of  the  more  general  formulas  for  n-section  couplers 
given  later  in  Sec.  13.08).  The  firat-order  equations,  Kqs.  (13.04-7)  and 
(13.04-8),  for  maximally  flat  coupling  have  been  found  to  hold  very  well 
for  coupling  as  tight  as  10-db  (cj  •  0.1).  The  coupling  becomes  weaker  as 
the  frequency  deviates  from  midband.  The  following  fractional  bandwidths 
are  obtained  for  various  coupling  deviations  from  the  midband  e#  (when  c# 
corresponds  to  10-db  coupling  or  leas):  »  -  0.82  for  0.1  db  deviation; 
w  ■  1.01  for  0.23  db  deviation;  •  •  1.13  for  0.5  db  deviation;  w  *  1.32 
for  1.0  db  deviation;  and  w  *  1  1  for  2.0  db  deviation. 

The  first-order  relation  in  Kqs.  (13.04-7)  and  (13.04-8)  for 
maximally  flat  coupling  were  even  solved  for  a  3-db  coupler  (c£  •  0.5) 
with  the  following  results.  The  solution  is  easily  found  to  be 


Z,  ■  1.0207 

Z,  •  1.2114 

Z,  »  3.4004 


)  (13.04-9) 


As  the  frequency  departs  from  midband,  the  coupling  at  first  becomes 
stronger,  going  from  3.01  db  to  2.97  db,  and  then  becomes  weaker.  It 
is  3.11  db  at  the  edges  of  a  103-percent  band  ( w  *  1.03),  and  3.51  db 

at  the  edgea  of  a  124-percent  band  ( *  *  1.24). 

An  exact  solution  for  a  particular  3-db  coupler  has  been  given  by 
Cohn  and  Koontt.  12  They  found  by  tri al - and- error  that  with 


Z,  *  1.098 
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z2  =  1.417 

Z3  *  4.130 


an  equal 

-  ripple 

charac 

teri  s 

tic 

( with 

three 

rippl 

es)  was  obtained, 

the 

coupling 

being 

3.01  t 

0.163 

db 

over 

a  f rac 

tional 

bandwidth  of  >  = 

1.41 

(The  midband  co 

upl  ing 

is  2. 

R47 

db.  ) 

In 

all  cas 

es  the 

coupl 

er 

is  det 

ermine 

d  by  the  2.,  which  give 

the 

c  from 

t 

F.q.  (13 

.04-6), 

and 

the 

<*..> 

and 

OO  | 

from  Eqs.  ( 13. 03- 

8) 

and  (13.03-91,  the  physical  dimensions  then  being  obtained  from 
Sec.  5.05. 


SEC.  13.05,  TYPICAL  DESIGNS  FOR  TEM-MODF.,  COUPLED- TRANSMISSION- 
LINE  DIRECTIONAL  COUPLERS  OF  ONE  SECTION  WITH 
APPROXIMATELY  3  db  AVERAGE  COUPLING 

Figure  13.05-1  shows  what  has  proved  to  be  a  very  popular  method 
of  construction  for  a  completely  shielded  quarter- wavel ength  coupler 
having  tight  coupling.6  In  this  structure  the  individual  lines  are  not 
symmetrically  Located  with  respect  to  the  upper  and  lower  ground  planes; 
hence  there  is  a  tendency  for  the  connections  at  the  ends  to  excite 
ground-plane  modes.  However,  if  the  structure  is  completely  closed  in 
at  the  sides  as  shown  in  Fig.  13.05-1,  such  modes  are  cut  off,  and  no 
difficulty  should  be  encountered.  The  coupler  illustrated  was  designed 
to  have  2.9  db  midband  coupling  at  Port  2.  The  actual  measured  coupling, 
directivity  and  VSWR  of  the  coupler  is  also  shown  in  the  figure.  The 
excellent  values  shown  were  obtained  without  recourse  to  any  special 
matching  techniques  since  the  center  frequency  was  only  225  Me.  For 
operation  at  frequencies  on  the  order  of  1000  Me  and  higher  it  is  usually 
necessary  to  place  capacitive  tuning  screws  at  either  end  of  the  coupled 
lines.  These  compensate  the  discontinuities  there,  and  allow  satisfactory 
values  of  directivity  and  VSWR  to  be  achieved.  The  coupling  response  is 
usually  little  affected  by  these  matching  devices. 

The  procedure  used  to  design  this  coupler  which  uses  0.002-inch- 
thick  copper  strips  supported  by  polystyrene  dielectric  having  a  relative 
dielectric  constant  er  =  2.56  is  as  follows.  The  midband  coupling  is 
2.9  db,  so  c  «  0.716.  The  terminating  impedance  ZQ  is  equal  to  50  ohms, 
and  therefore  F.qs.  (13.02-5)  and  (13.02-6)  yield  Zbi  »  197  ohms  and 
^oo  "  32.5  ohms.  The  spacing  between  the  strips  was  chosen  to  be 
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FIG.  13.05-1  CONSTRUCTION  DETAILS  AND  MEASURED  PERFORMANCE 
OF  A  PRINTED-CIRCUIT,  3-db  COUPLER 
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0.032  inch  so  that  with  6  ■  0.400  inch  in  Fig.  13.03*1,  t/b  ■  0.08, 
and  t/b  *  O.OOS.  Tha  value  of  w/b  ia  than  determined  fron  either 
Eq.  (5.05-16)  or  Eq.  (5. 03- 17),  uaing  the  vaiuea  of  C^,/e  ■  0.545  or 
C'fJ*  *  1.21  determined  from  Fig.  5.05*4.  In  uaing  Eq.  (5.05*16)  one 
ahould  use  the  value  it  ♦  20/6  »  0.09  for  t/b  in  that  formula,  which 
aaauaea  t/b  ■  0,  aince  it  ia  the  fielda  external  to  the  atripa  that 
are  aignificant  in  determining  Z<(.  One  finds  ’that  w/b  >  0.373.  Uaing 
Eq.  (5.05-17)  with  t/b  •  0.08,  aince  the  fielda  between  the  atripa  ere 
of  moat  aignificance  in  determining  Z((,  one  finda  w/b  *  0.337.  The 
fact  that  different  vaiuea  of  w/b  are  obtained  uaing  theae  two  formulaa 
ia  e  reflection  of  the  fact  that  they  are  only  approximately  correct. 

The  actual  value  of  w/b  uaed  in  thia  coupler  waa  0.352,  which  liea 
between  theae  two  theoretical  vaiuea.  It  waa  computed  by  an  approximate 
technique  before  Eqa.  (5.05-16)  end  (5.05-17)  were  available.  The 
apacing  (w*  ~  w)/2  between  the  edgea  of  the  atripa  and  the  aide  walla 
of  the  metal  caae  ia  great  enough  ao  that  it  doea  not  have  any  appreciable 
effect  on  the  even-  and  odd-mode  impedancea  of  the  atripa. 

Another  uaeful  type  of  printed-circuit  configuration1 3  for  tight 
coupling  ia  illuatrated  in  Fig.  13.05*2.  The  meaaured  reaponae  of  a 
couple?  conatructed  with  theae  dimenaiona  ia  ahown  in  Fig.  13.05-3. 

Thia  coupler  waa  deaigned  to  operate  at  a  50-ohm  impedance  level  and 
to  have  2.8-db  coupling  at  midband. However ,  the  abaorption  in  the 
dielectric  material  having  relative  dielectric  conatant  J  2.77  waa 
aufficient  to  reduce  the  tranamiaaion  by  0.2  db. 

The  dimenaiona  of  the  atripa  are  determined  aa  follows.  Equations 
(13.02-5)  and  (13.02-6)  multiplied  by  yield  Z(<  •  205  ohms  and 
Ztt  «  32.8  ohms.  A  value  of  AC/e  *  4.82  is  then  determined  from 
Eq.  (5.05-20).  Next,  a  value  of  g/b  •  0.096  was  chosen  and  o'/g  ■  0.445 
read  from  Fig.  5.05-5.  Figure  5.05-6  and  Fig.  5.05-7  then  yield  C'„/e  > 
0.55  and  C^(/e  ■  0.115,  respectively.  Uaing  these  values  and  the  value 
of  C#t/e  ■  1.81  determined  from  Eq.  (5.05-21)  one  finda  an  initial  value 
of  c/b  ■  0.108.  Figure  5.05-8  yields  C'#/e  ->0.105,  and  Eq.  (5.05-22a) 
yields  o/b  ■  0.284.  Since  the  atrip  width  c  ia  narrow  enough  compared 
to  6  ao  that  the  fringing  fielda  at  either  edge  interact  and  decreaae 
its  total  atrip  capacitance,  it  is  necessary  to  increase  the  value  of 
c  aa  given  in  Eq.  (5.05-22c),  yielding  the  final  vaiuea  of  c/b  -  1.42. 
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OUTPUT 


The  method  of  construction  uied  for  this  coupler  is  clearly  indica¬ 
ted  in  Fig.  13.05-2.  The  aeriea  inductive  discontinuities  introduced 
by  the  mitered  corners  st  each  port  of  the  coupler  were  compensated  by 
meana  of  the  capacitive  screws  shown  in  the  figure.  These  screws  were 
introduced  in  a  symmetric  fashion  about  the  midplane  of  the  coupler  to 
prevent  unwanted  excitation  of  the  parallel-plate  TEM  mode.  This  method 
of  compensating  the  coupler  was  found  to  be  much  more  effective  than 
adding  capacitive  tabs  directly  to  the  strips  themselves. 
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A  directional  coupler  having  tight  coupling  can  alao  be  constructed 
using  thick  strips14  of  the  type  illustrated  in  Fig.  13.05-4.  The  strips 

in  this  method  of  construction  are  thick 
enough  so  that  they  have  a  substantial 
amount  of  mechanical  rigidity.  Hence, 
they  may  be  supported  at  discrete  points 
by  means  of  low- ref lection  dielectric 
spacers,  similar  to  those  used  to  support 
the  center  conductors  of  coaxial  lines. 

In  some  cases  they  may  be  simply  held  in 
place  by  means  of  the  connectors  at  each 
of  the  four  ports.  Capacitive  tuning 
screws  are  usually  necessary  at  each  port 
of  this  type  of  coupler  to  compensate 
the  inevitable  discontinuities. 

As  an  example  of  the  method  of  choosing  the  dimensions  of  the 
coupled  strips  for  such  a  coupler  the  theoretical  design  of  a  quarter- 
wavelength  coupler  having  2.7  db  midband  coupling  and  operating  at  a 
50-ohm  impedance  level  will  now  be  considered.  (The  coupling  over  an 
octave  bandwidth  will  then  be  3.0  t  0.3  db. )  Reference  to  Eqs,  (13.02-5) 
and  (13.02-6)  shows  that  Z  *  127. B  ohms  and  Z  *  19.6  ohms,  and 

Of  o  o 

Eq.  (5  .05-20)  yields  the  value  of  AC/ t  -  B. 13.  The  thickness  of  the 
strips  is  then  arbitrarily  set  so  that  t/b  =  0.1.  Figure  5.05-9  then 
yielda  the  values  of  s/6  3  0.015  and  C'f/e  *  0.578.  From  Fig-  5.05- 10(b) 
one  finds  C'/t  *  1.2,  and  from  F.q.  (5. 05-18),  C##/e  *  2.95.  Then,  using 
Eq.  (5.05-23),  one  finds  w/b  =  0.396. 

In  order  to  minimise  discontinuity  effects  it  is  usually  best  to 
choose  6  <  0.1\,  where  A.  is  the  wavelength  in  the  dielectric  material 
filling  the  cross  section.  The  length  of  the  coupled  strips  is  of 
course  0.25A.  at  midband. 

An  interesting  structure  due  to  Cohn7*which  is  suitable  for  strong  coupling 
was  indicated  in  Fig.  13.01-2(h);  a  completely  shielded  version  is 
shown  in  Figs.  13.05-5  and  13.05-6.  Two  coaxial  transmission  lines 
are  placed  side-by-side.  Their  inner  conductors  A  and  B  are  entirely 
separate,  but  their  outer  conductors  touch  and  become  the  conductor  C 
in  Fig.  13.05-5.  The  double-barreled  conductor  C  is  made  one-quarter 
wavelength  long  and  its  potential  "floats"  between  that  of  the  two 
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FIG.  13.05-4  NOTATION  FOR  3-db 
COUPLER  USING 
THICK  COUPLED 
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SOURCE:  Rantar  Report,  CoMract  DA-S6-239  SC-8735 
(aaa  Ra(.  7  by  S.  B.  Cohn  awl  S.  L.  Vatu) 


FIG.  13.05-5  RE-ENTRANT  COUPLFD 
CROSS  SECTION 

mode,  A  and  B  are  at  equal  and  c 
potential.  Therefore 


conductora  A  and  B,  and  that  of  the 
metal  case  £>.  The  conductor  C  is 
held  in  position  by  dielectric  sup¬ 
ports  (not  shown  in  the  figures). 

The  conductor  A  in  Fig.  13.05-5 
connects  Ports  3  and  4  in  Fig.  13.05-6, 
while  conductor  B  connects  Ports  1 
and  2.  The  characteristic  impedance 
of  C  within  D  is  denoted  by  ZQI 
(Fig.  13.05-5),  and  the  two  concen¬ 
tric  lines  within  C  each  have  charac¬ 
teristic  impedance  Z0J.  The  analysis 
is  again  carried  out  in  terms  of  an 
even  and  an  odd  mode.  For  the  odd 
site  potentials,  and  C  is  at  ground 


For  the  even  mode,  each  inner 
coaxial  line  (4  or  B  to  C)  is  in 
series  with  half  the  outer  line 
(C  to  D) ,  because  the  floating 
conductor  C  passes  the  currents 
flowing  from  its  inner  surface  onto 
its  outer  surface  which  is  therefore 
in  series  with  it.  This  leads  to7 

’  *02  +  2201  •  ( 13. 05-2) 

The  coupling  is  then  determined  as 
before  from  F.qs.  (13.02-4)  through 
(  13.02-6). 

For  example,  it  was  shown  above 

that  for  a  2.7,  db  coupler  with 

Zg  -  50  ohms,  one  requires  Zef  = 

127.8  ohms  and  Z  *  19.6  ohms. 

0  0 


Z02  (  13.05-  1) 


VIEW  A-A 

(b)  LONGITUDINAL  SECTION 


SOURCE:  Rantec  Report,  Contract  DA-36-239  SC-8733 
(aea  Raf.  7  by  S.  B.  Cohn  and  S.  L.  Vahn) 

FIG.  13.05-6  VIEWS  OF  THE  RE-ENTRANT 
DIRECTIONAL  COUPLER 
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Solving  for  ,  and  Z0J  from  F.qa.  (13.05-1)  and  (13.05-2), 


ZQ ,  -  54.1  ohms  ,  ZQJ  -  19.6  ohms 

In  an  experimental  model7,  two  tubes  of  0.250- inch  outside  diameter 
were  soldered  together  to  form  C,  and  the  space  between  the  tubes  was 
filled  with  solder.  The  tube  wall  thickness  was  0.022  inch,  leaving 
an  inner  diameter  of  0.206  inch.  The  inner  conductors  A  and  b  were  of 
diameter  0.140  inch  to  yield  an  impedance  of  ZQ2  *  19.6  ohms.  The 

impedance  Z(  of  the  outer  line  was  obtained  from  data  such  as  that  in 
Fig.  5.04-2  for  a  rectangular  inner  conductor,  by  taking  t  *  0.250  inch; 
the  effective  width  w  was  determined  by  equating  cross-sectional  areas. 
Then  w  ■  (1  +  v/\)t  ■  1.786t.  From  Fig.  5.04-2  the  plate-to-plate 
spacing  is  then  b  =  0.746  inch. 

The  impedance  of  the  tour  lines  emerging  from  the  coupler  is  to  be 
50  ohms.  (This  applied  to  the  region  in  which  the  inner  conductors  are 
curved  90-degrees  toward  the  four  ports  in  Fig.  13.05-6.)  The  dimenaiona 
for  this  “alab-line"  region  (circular  inner  conductor  between  ground 
planea)  were  chosen  to  be:  diameter  of  inner  conductor  »  0.125  inch, 
plate-to-plate  spacing  b  «  0.22R  inch.  (This  gives  a  50-ohm  line.7) 
Since  this  plate-to-plate  spacing  (0.228  inch), is  less  than  the  height 
of  the  double-barreled  conductor  C  (0.250  inch),  a  amall  gap  has  to  be 
allowed  between  the  atep  in  b  from  0.746  inch  to  0.228  inch  and  the 
re-entrant  section.  This  is  clearly  shown  in  Fig.  13.05-6.  A  gap  of 
0.050  inch  was  allowed. 

Directivities  better  than  29  db  over  an  octave  bandwidth  were 
reported  for  two  experimental  couplers,  one  centered  at  500  megacycles 
and  one  at  1500  megacycles. 7  A  three- section  coupler  was  also  built, 
with  only  the  middle  section  re-entrant,  the  two  outer  sections  being 
of  the  type  shown  in  Fig.  13.01-2(a).7 

SEC.  13.06,  TYPICAL  DESIGNS  FOR  TEM-MODE,  COUPLED- 
TRANSMISSION-  LINE  DIRECTIONAL  COUPLERS 
OF  ONE  SECTION  AND  WITH  WEAK  COUPLING 

This  section  describes  the  theoretical  design  of  TEM-mode  couplers 
operating  at  a  50-ohm  impedance  level  and  having  20-db  coupling  at 
midband.  Each  coupler  has  a  length  -£  ■  0.25\  at  midband,  where  X  is 
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r 


the  wavelength  in  the  dielectric 
surrounding  the  coupled  lines.  It. 
order  to  minimite  discontinuity 
effects,  the  spacing  6  between 
ground  planes  in  these  couplers 
should  be  no  more  than  a  tenth  of 
s  wavelength  at  the  highest  operat¬ 
ing  frequency. 


T  (e—  w  — wj  s  I*—  w 


FtG.  13.06-1 


t-lltMII 

NOTATION  FOR  20-db 
COUPLER  USING  EDGE- 
COUPLED  FLAT  STRIPS 


Figure  13.06-1  illustrates  the 
cross  section  of  the  first  coupler 
to  be  considered.  The  coupled  strips 
usually  have  a  negligible  thickness, 

t,  and  are  assumed  to  be  supported  by  means  of  a  dielectric  of  relative 
dielectric  constant  t  -  2.56  completely  filling  the  cross  section. 
Values  of  cr  '/.  -  (Hi .  5  ohms  and  7t  7.  ■-  72.3  ohms  are  obtained 

r  e«  r  o o 

using  F.qs.  (13.02-5)  and  (13.02-6).  Then  using  Fig.  5.05-3(a)  one  finds 
s/6  *  0.32  and  using  Fig.  S . OS- 3(b)  one  finds  w/b  -  0.715. 


The  cross  section  of  the  second  type  of  coupler  to  be  considered 
is  illustrated  in  Fig.  13.06-2.  The  thickness,  (,  of  these  coupled 
strips  will  be  assumed  to  be  negligible  as  well  as  the  thickness  of  the 
slot  of  width  d.  The  length  of  this  slot  is  of  course  a  quarter  wave¬ 
length  at  midband.  The  dielectric  material  supporting  these  strips  lias 
<r  -  2.56.  Equations  (13.02-5)  and  (13.02-6)  yield  7ar  -  8H.5  ohms 

and  7t  Z  *  72.3  ohms.  The  value  of  v't  7  is  equal  to  v' f  Z„,  the 

characteristic  impedance  of  an  uncoupled  line,  and  therefore  the  value 
of  w/b  =  0.86  can  be  obtained  from  Fig.  5.04-1.  Then  by  the  use  of 
F.qs.  (5.05-7)  through  (5.05-10)  one  finds  d/6  -  1.05. 


The  third  type  of  coupler  to  be  considered  is  shown  in  cross  section 
in  Fig.  13.06-3.  In  this  type  of  coupler  the  conductors  do  not  need 
to  be  surrounded  with  dielectric  for  support.  In  addition,  the  round 
conductors  make  this  type  of  coupler  ideal  for  high-power  applications. 
Using  F.qs.  (13.02-5)  and  (13.02-6)  we  find  Z  -  55.3  ohms  and  Z  * 

45.2  ohms.  Then  from  F.q.  (5.05-11)  one  finds  s/6  -  1.01  and  irom 
Eq.  (5.05-12)  one  finds  d/6  -  0.59. 
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FIG.  13.06-2  NOTATION  FOR  20-tb 
COUPLER  USING 
SLOT-COUPLED 
FLAT  STRIPS 


FIG.  13.06-3  NOTATION  FOR  20-db 
COUPLER  USING 
ROUND  CONDUCTORS 


SEC.  13.07,  DERI VATION  OF  DESIGN  FORMULAS  FOR  TEM-MODE, 

COUPLED- TRANSMISSION- LINE  COUPLERS  OF  ONE 
SECTION 

The  basic  coupl ed- t ransmi ssion- 1 i ne  directional  coupler  is  shown 
schematically  at  the  top  of  Fig.  13.07-1  with  resistance  terminations 
ZQ  et  each  port.  It  is  excited  with  a  voltage  2F.  in  series  with  Port  1. 
At  the  bottom  of  Fig.  13.07-1  the  same  directional  coupler'  is  shown  in 
two  different  states  of  excitation.  In  the  odd  excitation,  out-of-phase 
voltages  are  applied  in  series  with  Ports  1  and  2  while  the  even 
excitation  applies  in-phase  voltages  in  scries  with  these  ports.  Through 
the  principle  of  superposition  it  may  be  seen  that  the  behavior  of  the 
directional  coupler  with  voltage  2E  applied  in  series  with  Port  1  can 
be  obtained  from  its  behavior  with  even-  and  odd- voltage  excitations. 

Symmetry  considerations  show  that  a  vertical  electric  wall  may  be 
placed  between  the  strips  of  the  coupler  when  it  is  excited  with  voltages 
having  odd  symmetry,  and  a  vertical  magnetic  wall  may  be  inserted  between 
the  strips  when  it  is  excited  witli  voltages  having  even  symmetry.  The 
characteristic  impedance  of  one  of  these  strips  in  the  presence  of  an 
electric  wall  is  Z0I),  while  the  characteristic  impedance  of  a  strip  in 
presence  of  a  magnetic  wall  is  Zef. 

In  order  for  the  directional  coupler  to  be  perfectly  matched  at 
all  frequencies  it  is  necessary  that  the  input  impedance  Z|n  be  equal 
to  Zg.  .  Applying  the  principle  of  superposition,  one  sees  that  the  input 
impedance  of  the  directional  coupler  terminated  in  ZQ  can  be  written  as 
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FIG.  13.07-1  COUPLED-STRIP  DIRECTIONAL  COUPLER 
WITH  EVEN  AND  ODD  EXCITATION 
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g>.  +  «l, 
+  ^  1* 


Zl.  +  *1. 


zo  *  zi« 


zo  +  z». 


Zo  *  Zu 


y  +  v 

4o  4 1. 


( 13.07-1) 


where 


Z 0  +  jZ(j  tan  0 

Z..+  >Zo  tan  9 


« 13.07-2) 


and 


Z0  +  )Z„,  tan  6 

Z..+  >Zo  tan  9 


(  13.07-3) 


When  Eq.  (13.07-2)  and  Eq.  (13.07-3)  are  aubatituted  into  Eq.  (13.07-1) 
it  is  found  that  Z|(|  •  Zf)  when 


Zn  -  /Z  Z 

0  o  p  a » 


( 13.07-4) 


for  all  values  of  0. 


Under  the  condition  that  Zg  «  /Z#fZ>#,  the  voltage  appearing  at 
Port  1  of  the  coupler  is  £  >  £,  The  voltagea  £,  *  £.  and  E.  *  £. 

may  be  determined  from  the  straightforward  analysis  of  a  transmission 
line  of  length  tf ,  and  characteristic  impedance  Z#f  terminated  at  either 
end  by  an  impedance  /Z  Z  and  fed  by  a  voltage  £.  Likewise  the  normal¬ 
mode  voltages  £.  *  -£,  and  £,  »  may  be  determined  from  a  simi- 

lar  analysis  of  a  transmission  line  of  length  6  and  characteristic 
impedance  Z  terminated  by  /Z  Z  The  results  of  this  analysis  show 
that 
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jc  ain  6 

Si  -  c ^  cos  8  +  j  tin  # 


(13.07-6) 


£ 


3 


£.  -  E 

If  3  a 


0 


(13.07-7) 


( 13.07-8) 


/l  -  c* 

/ 1  “  c 2  cos  8  ♦  j  sin  8 


( 13.07-9) 


The  maximum  coupled  voltage  £j  occurs  when  t  lie  coupler  is  a  quarter- 
wavelength  long  (  i.e.,  8  *  90°).  Therefore,  from  Fq.  (13.07-5)  a 
maximum  coupling  factor  c  may  be  defined  as  in  F.q.  (13.02-3).  With 
this  substitution,  the  voltage  at  Port  2  can  be  written  as  Fq.  (13.02-1) 
while  the  voltage  at  Port  4  can  be  written  as  Fq.  (13.02-2).  The 
maximum  coupling  occurs  at  center  frequency  {8  *  n/2)  and  is  given  by 
(Fq.  (13.02-3). 


S KC. .  13.08,  QUAKTFll- WAVF  FILTH  11  PHOTOTYPK  CIKCUITM 
FOIl  TKM-MODF,  COUPLFD-  THAN  SMI  SSI  ON  -  LINE 
1)1  HKCT1UNAL  COIIPLFHS 


A  single- section,  quarter-wave  filter  prototype  circuit  is  shown 
in  Fig.  13.08-1.  It  consists  of  two  impedance  steps  (one  up  and  one  down), 
separated  by  an  electrical  distance  8.  All  characteristic  impedances 
are  normalized  with  respect  to  the  characteristic  impedances  of  the  two 
terminating  lines,  which  are  taken  as  unity.  The  wave  amplitudes  aJP 
6j,  and  u2  (Fig.  13.08-1)  are  defined  in  terms  of  the  power  flow,  16  i.e. 

| a  j | 2  and  |  a  2  j  2  represent  power  carried  forward,  while  | 6 ( | 2  represents 
reflected  power.  With  the  notation  of  Fig.  13.08-1  it  can  be  shown*6 
that 


rq  -  *-2^) 

1  -  r2e"2'p 


( 13.08- 1) 


or  equi v a  1 ent  I y , 
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JUNCTION  ; 

REFLECTION  I  | 

COEFFICIENT:  P  -P 


JUNCTION 

VSWR :  V  V 

LINE 

MPCOANCEt  I  Z,  I 


SOURCE:  Pro*.  IEE  (•••  Rot.  14  k*  L.  Yooof) 

FIG.  13.08-1  QUARTER-WAVE  FILTER  PROTOTYPE 
FOR  SINGLE-SECTION  TEM-MODE 
COUPLER 


and 


(13.08-2) 


( 13.08-3) 


-  (13.08-4) 


Equations  (13.07-6)  and  (13.07-9)  with  Eqs,  (13.08-2)  and  (13.08-4)  now 
show  that  6  j  /o  j  corresponds  to  E^/E,  and  Oj/oj  corresponds  to  EJE, 
and  that  these  equations  are  mathematically  equivalent  when  we  set 


2r  *?  -  1 

1  +  r2  z\  +  i 


(13.08-5) 
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when  2,  ia  choaen  greater  than  unity.  Conversely 


1  -  /l  -  cT 

I  ■  —————— 

c 


(13.08-6) 


It  followa  that  quarter- wave,  coupled  TEM-mode  directional  couplera  can 
be  aolved  aa  quarter-wave  filtera  aa  diacuaaed  at  the  beginning  of 
Sec.  13.03.  It  can  be  ahown  that  for  the  aingle- section  coupler  of 
Fig.  13.01-l(a),  [compare  Eqs.  (6.02-5)  and  (6.02-6)] 


J  (ft  -  n* 

=  1  +  - -  sin2  0  (13.08-7) 

where 

fl  =  2*  »  — —  (13.08-8) 

1  ~  c 


ia  the  VSWH  of  the  prototype  filter  (Fig.  13.08-1)  at  ccuter  frequency 
(0  =  n/2).  The  over-all  power  coupling  ratio  is  then 


1  - 


(fl  ~  l)2 
4fl 


>in2  0 


1  .  .in*  0 


4 R 


>  (13.08-9) 


c2  ain2  6  | 

1  -  c2  coa2  0  J 

Table  13.08-1  summarizes  the  principal  formulas  for  TEM-mode  couplera 
(with  and  without  end-to-end  symmetry)  in  terms  of  the  parameters  of 
the  prototype  quarter-wave  filter. 
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Table  13.08-1 


GENERAL  FORMULAS  FOR  THE  DESIGN  OK  TEM-MODE  COUPLED- mANSMlSSION- 
LINE  DIRECTIONAL  COUPLERS  FROM  THE  QUARTER-WAVE  KILTER  PHOTOTYPE 


The  aidband  VSWR  H  of  tha  quarter-wave  filter  ia  related  to  tKe  over-all 
coupling  factor  c#  of  the  coupler  by 


1  + 


H  = 


I  *  c „ 


ft  ~  1 
A  +  1 


The  aidband  VSWR  A  of  the  quarter-wave  filter  ia 

/va-V* 

«  - -  >  i 

\W 6  ••/ 

where  the  2  are  tha  noraalitad  iapedances  of  the  querter-wave  filter  prototype 
aactiona.  1 

The  coupling  factora  c  of  tha  aevaral  coupler  aectiona  are  related  to  the 
noraaliied  iapadencaa  Zj  of'the  querter-wave  filter  prototype  aectiona  by 

1  +  e 


1  -  c 


Z2  "  1 


ZU  1 


The  even-aode  and  odd-aode  iapedancea.  (Z  )  and  (Z  )  ,  of  the  coupler 
:tiona  ere  given  by  •*  1  °*  ' 


JUL 

»r  i  +  c 


Certain  aiaplificationa  reault  for  counters  with  end-to-end  syaaetry.  In  thet  ceae  n 
is  odd,  and 


cnM-« 


W, 


n*  2“  i 


VSWH  of  ith  step  in  prototype 


and 


(VaV-V.)* 


Figure  13.03-1  showed  a  symmetrical  TEM-mode  coupler  of  three  sec¬ 
tions  together  with  its  qusrter-wsve  filter  prototype,  and  the  associated 
notation.  Notice  that  the  filter  has  end-to-end  symmetry,  unlike  the 
tranafor«ers  in  Chapter  6.  This  prototype  filter  is  not  Matched  at 
center  frequency,  as  aero  reflection  in  the  prototype  corresponds  to 
zero  coupling  in  the  corresponding  directional  coupler.  The  TEM-mcde 
coupled- transmission-line  directional  coupler  performs  exactly  as  a 
quarter-wave  filter  in  which  the  forward  and  backward  waves  have  been 
separated  and  have  become  two  traveling  waves  (in  opposite  directions) 
on  two  parallel  transmission  lines,  the  over-all  reflection  coefficient 
of  the  prototype  becoming  the  over-all  coupling  factor  of  the  coupler. 
This  is  indicated  in  Fig.  13.03-1. 

No  quarter-wave  filter  prototype  solutions  for  couplers  with  seven 
or  more  sections  have  been  obtained  to  date.  The  equal- ripple  charac¬ 
teristics  desired  of  three-,  five-,  and  seven- section  symmetrical 
couplers  (and  prototypes)  are  summarised  in  Fig.  13.08-2.  Solutions 
for  the  three- section  coupler  were  presented  in  Sec.  13.03,  and  for 
the  five-section  coupler  in  Sec.  13.04. 

Phase  Relation  Between  Outputs— For  a  symmetrical  coupler  the  two 
outputs  Et  and  E 4  (shown  for  a  three- section  coupler  in  Fig.  13.03-1) 
are  in  quadrature  at  all  frequencies  (i.e.,  differ  by  90  degrees  when 
measured  at  the  extremities  of  the  coupler).  This  result  follows  at  .. 
once  from  the  quarter-wave  filter  analogy,  since  for  any  symmetrical 
di ssipation- f ree  2-port,  the  reflected  and  transmitted  wave  amplitudes 
are  orthogonal.17 

SEC.  13.09,  CONSIDERATIONS  AND  GENERAL  FORMULAS  FOR 
BRANCH -LINE  COUPLERS 

Branch- line  couplers  are  directional  couplers  consisting  of  two 
parallel  transmission  lines  coupled  through  s  number  of  branch  lines 
(Fig.  13.09-1).  The  lengths  of  the  branch  lines  and  their  spacings 
are  all  one-quarter  guide  wavelength  at  center  frequency,  as  shown  in 
Fig.  13.09-1.  The  characteristic  impedances  of  the  two  parallel  main 
lines  may  be  changed  from  section  to  section,  and  the  branch  impedances 
may  be  adjusted  also  to  improve  the  electrical  performance. 

Figure  13.09-1  could  represent  the  cross  section  of  the  inner 
conductor  of  a  coaxial  line,  or  the  printed  center  conductor  of  a  strip 
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FIG.  13.08-2  DESIRED  COUPLING  CHARACTERISTICS  OF 
THREE-,  FIVE-,  AND  SEVEN-SECTION 
TEM-MODE  SYMMETRICAL  COUPLERS 
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FIG.  13.09-1  BRANCH-LINE  COUPLER  SCHEMATIC 


transmission  line,  or  the  £-plane  cross  section  of  a  waveguide 
(Sec.  13.14).  The  output  at  the  in-line  termination  is  denoted  by  Pv  db 
(below  the  input),  the  coupling  is  Pf  db,  snd  the  directivity  is 
D  db  (see  Fig.  13.09-1). 

The  branches  may  be  in  shunt  with  the  main  line  (as  in  coaxial  and 
atrip  tranaaiasion  line)  or  in  aeries  with  it  (as  in  waveguide).  For 
shunt  junctions  it  is  more  convenient  to  use  admittances,  and  for  series 
junctions  it  is  more  convenient  to  use  impedances.  The  term  “ immittance 
will  be  used  to  denote  either  (shunt)  admittances  or  (series)  impedances 
The  notation  giving  the  characteristic  immittances  is  depicted  in 
Fig.  13.09-2.  The  coupler  is  supposed  to  have  end-to-end  synanetry,  so 

that  Hmt j  «  etc.,  and  Kl  » 

K  ,  etc.  It  will  be  convenient 
to  normalize  with  respect  to  the 
terminating  immittances  A#  ■ 

*  1  throughout  this  chapter. 

Ail  the  junctions  will  be 
assumed  to  be  ideal  shunt  or 
series  junctions  in  the  design 
procedure,  and  each  line  length 
between  junctions  will  be  assumed 
to  vary  as  a  line  one-quarter 
guide  wavelength  along  at  the  center  frequency.  The  effect  of  the 
junction  reference  planes  (Sec.  13.14)  is  included  only  in  calculating 
the  final  physical  dimensions;  the  effect  of  junction  discontinuity 
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FIG.  13.09-2  BRANCH-LINE  COUPLER 
NOTATION 


reactance*  is  often  not  large,  and  in  many  caae*  can  be  compenaated 
using  the  data  in  Sec.  5.07  and  in  Refs.  IB,  19,  and  20,  aa  will  be 
diacuased  in  an  example  in  Sec.  13.14.  The  appearance  of  branch-line 
couplers  (Sec.  13.11)  in  rectangular  wave-guide  frequently  worka  out 
aa  indicated  in  Fig.  13.09-1  (see  Sec.  13.14),  where  the  two  outer  walls 
(top  and  bottom  of  Fig.  13.09-1)  have  been  shown  as  straight  lines. 
However,  this  result  should  not  necessarily  be  assumed  to  hold  in  all 
cases. 

Even-  and  Odd-Mode  Analy s i s —Branch- 1 ine  couplers  may  be  analyzed 
in  terms  of  an  even  mode  (two  in-phase  inputs)  and  an  odd  mode  (two  out- 
of-phase  inputs)  which  are  then  superposed,  adding  at  one  port  and 
cancelling  at  the  other,  thus  yielding  only  one  actual  input.  This  is 
summarised  in  Fig.  13.09-3.  For  shunt- connected  branches  the  two  inputs 
of  the  odd  mode  produce  zero  voltage  acroas  the  center  of  all  the 
branches,  and  thus  a  ahort- ci rcui t  may  be  placed  there;  the  two  halves 
may  therefore  be  “separated",  each  half  consisting  of  a  transmiaaion 
line  with  45-degree  shorted  stubs  at  90-degree  spacings.  Meanwhile 
the  even  mode  similarly  yields  45-degree  open- ci rcui ted  stuba 
(Fig.  13.09-3).  The  45-degree  short-circuited  stubs,  and  the  45-degree 
open- ci rcui ted  stuba  produce  equal  and  opposite  phase  shifts  at 
center  frequency  in  the  even-  and  odd-mode  inputs.  For  a  matched 
coupler  with  perfect  directivity  the  two  outputa  are  then  coa2&  and 
sin*t>  in  power,  when  the  input  power  (sum  of  even  and  odd  modes)  is 
unity.  For  the  case  of  series- connected  stubs,  the  same  reasoning 
applies,  only  the  roles  of  the  even  and  odd  modes  are  reversed.  For 
a  fuller  explanation,  the  references  should  be  consulted.8'11 

Cascaded  Matched  Directional  Coup lers— When  matched  couplers  are 
cascaded,  as  shown  in  Fig.  13.09-4,  they  act  as  a  single  directional 
coupler,  and  the  over- all  couplings  of  the  combination,  and  Pj  c#B 

are  readily  calculated  from  the  individual  couplings  P(  >  db  and 
P2l,  db  by  the  following  formula; 
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ANALYSIS 
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FIG.  13.09-4  SEVERAL  MATCHED  DIRECTIONAL 
COUPLERS  IN  CASCADE 


805 


806 


where 


20  logltt  [■*■(£«,)] 


( 13.09*2) 


* 


4 


P 


2.oo* 


db 


(13.09-3) 


(13.09-4) 


For  instance,  a  phase  shift  of  6  *  30  degrees  yields  a  6-db  coupler, 
and  a  phase  shift  of  9  *  90  degrees  yields  a  0-db  coupler;  therefore, 
a  cascade  of  three  matched  6-db  couplers  results  in  a  0-db  coupler. 


Hidband  Formulas  —  There  are  certain  relations  which  ensure  perfect 
match  and  perfect  directivity  at  center  frequency.  Furthermore,  at 
center  frequency  'the  ratio  of  the  two  output  voltages  £(  oc  antilog 
(-Pj/20)  and  E2  oc antilog  (-Pj/20)  can  be  written  down  fairly  simply 
in  terms  of  the  tf  (  and  K.  in  Fig.  13.09-2.  Table  13.09-1  gives  these 
formulas  for  up  to  six  branches.  Also  given  are  simpler  formulas  which 
determine  the  conditions  for  3-db  and  0-db  coupling,  together  with 
perfect  match  and  perfect  directivity,  at  center  frequency. 


SEC.  13.10,  PERIODIC  BRANCH- LINE  COUPLERS 

Additional  reatrictions  may  be  placed  on  the  immittances of 
symmetrical  couplers  (Fig.  13.09-2).  In  particular  when 
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>  (13.10-1) 


and  further,  when  // 1  1*  chosen  to  give  a  perfect  input  match 

at  center  frequency,  then  such  couplers  will  herein  be  called  periodic. 
Thus  the  through-lines  are  uniform,  and  all  the  interior  branches  are 
the  same.  Such  couplers  have  been  analysed  by  Reed  and  Wheeler.  *•*  Let 
the  power  coupling  ratio  at  center  frequency  be  denoted  by 
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where  Pf  ia  in  decibela  and  waa  defined  in  Fig.  13.09-1.  (For  example, 
for  a  6-db  coupler,  cj  >  */4. )  The  aolution  of  periodic  couplera 
involve*  the  Tchebyacheff  polynomials  S^fx),  which  have  been  tabulated 
numerically,11  and  which  are  defined  by 
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The  immittancea  H,  and  Hi  of  a  periodic  coupler  then  have  to  aatiafy* 


f/1  -  c*  ,  when  n  «  odd') 

,.,<-«,)  ■  <  >  (13.10-4) 

^or  c0  ,  when  n  *  even  J 
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Table  13. 10-1*  give*  aolutiona  for  aome  0-db,  3-db,  and  10-db  couplera. 


The  performance*  of  four  different  3-db  periodic  couplera  given  by 
Table  13.10-1  are  aummeriaed  in  Table*  13.10-2  and  13.10-3.  The  maximua 
VSWR  over  three  apecified  fractional  bandwidth* 
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TabU  13.10-1 

EXAMPLES  OF  0-.  3-.  AND  10-db  PERIODIC  COUPLERS 
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TabU  13.10-2 

MAXIMUM  VSW  OF  SEVERAL  3  db  PERIODIC  COUPLERS 
OVER  STATED  BANDBIDTHS 
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TabU  13.10-3 

COUPLING  UNBALANCE  <db)  OF  SEVERAL  3-db  PERIODIC 
COUPLERS  OVER  STATED  BANDRIDTHS 
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ia  shown  in  Table  13.10-2,  where  >»  j  is  the  longest  guide  wavelength, 
and  ia  the  shortest  guide  wavelength  over  the  band  under  considera¬ 

tion.  The  guide  wavelength  at  band-center  is  given  by 


(13. 10-7) 


The  coupling  P2  becomes  stranger,  and  the  coupling  P,  becomes  weaker, 
than  3  db  at  about  the  same  rate,  as  the  frequency  changes  from  band- 
center.  The  total  variation  |AP(|  +  |A^|,  referred  to  'as  the  “coupling 
unbalance,"  is  shown  in  Table  13.10-3  for  the  same  3-db  couplers. 

The  performances  of  five  different  0-db  periodic  couplers  given  by 
Table  13.10-1  arc  summarized  in  Tables  13.10-4  and  13.10-5  over  the  same 


Table  13.10-4 

MAXIMUM  VSWH  OF  SEVERAL  0-db  PERIODIC  COUPLERS 
OVER  STATED  UANDWIDTUS 
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Table  13.  10- S 

MAXIMUM  INSERTION  LOSS  (db)  OF  SEVF.HAI.  0-db  PERIODIC  COUPLERS 
OVER  STATED  BANDWIDTIIS 


COUPLERS 

Thrnn* 

branch 

Four- 

branch 

Si»* 

branch 

Eight- 

branch 

Ten  • 
branch 

Twe  Un¬ 
breech 

Fourteen- 

branch 

0.16 

mm 

0.1 

0.02 

■n 

■  E 

— 

0.003 

0.28 

mam 

n.ll 

3Q 

i 

0.011 

0.48 

Bfl 

us 

0.33 

wm 

■ ' 

0. 15 

0.113 

SOURCE:  Tack.  Note  3,  Contract  AF30(i02 ) -2392 ,  SRI  (aaa  Raf.  22  by  Lao  Youn|) 


three  specified  fractional 
of  some  of  theae  end  other 
Only  couplers  with  an  even 


bandwidths.  More  detailed  characteristics 
couplers  are  given  in  Kefs.  9  and  22. 
number  of  branches  (n  odd)  are  given  in 
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Tablet  13.10-4  and  13.10-5;  the  performance  of  couplera  with  an  odd 
number  of  branchea  (n  even)  ia  not  aa  good.  Thia  ia  probably  due  to 
the  fact  that  all  the  branchea  have  the  aame  imminences,  including  the 
two  end  onea,  when  the  number  of  branchea  ia  odd,  and  thua  there  ia  no 
end-matching  effect.  For  inatance,  a  twelve-branch,  0-db  periodic 
coupler  givea  better  electrical  performance  than  a  thirteen-branch  0-db 
periodic  coupler. 22 

SEC.  13.11,  THE  CHARACTERISTICS  AND  PERFORMANCE  OF  SYNCHRONOUS 
BRANCH- LINE  COUPLERS 

The  synchronous  tuning  condition  as  it  applies  to  tranami saion- line 
filters  was  formally  defined  toward  the  end  of  Sec.  6.01.  Now  recall 
that  the  even-  and  odd-mode  analysis  reduces  a  branch-guide  coupler  to 
two  transmission- 1 ine  filters,  as  indicated  in  Fig.  13.09-3.  When  the 
through-line  impedance  is  uniform,  neither  of  these  two  filters  is 
synchronously  tuned,  since  the  reflections  from  any  two  finite  reactances 
spaced  one- quarter  wavelength  apart  are  not  phased  for  maximum  cancella¬ 
tion.  They  can  be  so  phased,  however,  by  adjusting  the  through-line 
impedances,  and  it  turns  out  that  both  the  even-  and  the  odd-mode  “  filters” 
(Fig.  13.09-3)  then  become  synchronously- tuned  with  the  same  choice  of 
through- line  impedances.11  A  quarter- wave  transformer  (Chapter  6)  can 
then  be  used  as  a  prototype  circuit,  resulting  in  a  clearly  marked  pass 
band,  in  which  the  VSWR  and  directivity  are  nearly  optimised.  To  meet 
a  specified  electrical  performance  over  a  given  bandwidth,  fewer  branches 
will  then  be  required  with  such  optimized  couplers  than  with  periodic 
couplers  (Sec.  13.10);  from  numerical  examples,  it  appears  that  generally 
about  half  aa  many  branches*2 wil 1  do.  On  the  other  hand,  some  of  these 
branches  will  be  wider  than  any  in  the  corresponding  periodic  design, 
and  so  may  depart  more  from  ideal  junction  behavior.  Such  factors  should 
be  taken  into  account  before  deciding  on  the  type  of  coupler.  The  chief 
advantages  of  synchronous  couplers  over  periodic  couplers  are  that  they 
are  more  compact  (for  a  specified  performance),  since  there  are  fewer 
branches,  and  that  the  performance  can  be  predicted  fairly  accurately. 

The  first  step  in  designing  a  synchronous  coupler  with  a  specified 
center  frequency  coupling  Pif)  decibels  and  a  specified  fractional  band¬ 
width  over  which  the  performance  is  to  be  optimum,  is  to  determine 
the  output- to- input  impedance  ratio  H  and  the  fractional  bandwidth 
of  the  quarter-wave  transformer  prototype.  They  are  generally  obtained 
closely  enough  by  the  'approximate  relations 
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Equation  (13.11-1)  ia  plotted  in  Pig.  13.11-1.  It  ia  exact  for 
couplera  which  are  perfectly  matched  at  center  frequency  ( euch  aa  all 
couplera  with  even  n,  and  any  maximally  flat  couplera).  It  ia  accurate 

enough  for  nearly  all  practical 
caaea,  but  overeatimatea  the 
numerical  value  of  PM in  pro¬ 
portion  to  the  reflection  Iona. 
(An  exact  formula,  neceaaary 
only  when  the  center- frequency 
VSWR  ia  high,  ia  given  in 
Bef.  11).  Notice  that  0-db 
coupling  would  require  R  -  «>, 
and  can,  tnerefore,  not  be 
realised  in  a  single  synchro¬ 
nous  design.  However,  two 
synchronous  3-db  couplers,  or 
three  synchronous  6-db  couplers, 
etc.,  can  be  cascaded  to  give 
a  0-db  coupler. 

Equation  (13.11-2)  is  less 
accurate,  the  numerical  factor 
generally  lying  between  0.5  and 
0.7.  A  more  accurate  determi¬ 
nation  can  be  made  from 
Fig.  13.11-2  after  the  number 
of  branches  has  been  selected. 

In  this  figure  are  plotted  the 
best  estimates  of  the  bandwidth 
contraction  factor 

fi  *  (13.11-3) 
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FIG.  13.11-1  PLOT  OF  CENTER-FREQUENCY 
COUPLING  P2  0  vs.  IMPEDANCE- 
RATIO  PARAMETER  R  FOR  A 
MATCHED  BRANCH-LINE 
COUPLER 
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FIG.  13.11-2  BEST  ESTIMATES  FOR  BANDWIDTH  CONTRACTION  FACTOR  A 
BASED  ON  27  INDIVIDUAL  SOLUTIONS 


•gainst  R,  or  P^ 0  and  with  n  as  a  paraneter,  baaed  on  a  large  number 
of  nuaerical  solutions  11 

Having  determined  R  and  from  the  specified  coupling  P&0  and  the 
coupler  fractional  bandwidth  w^,  the  only  remaining  independent  parameter 
is  the  number  of  sections,  n,  or  number  of  branches,  n  +  1  (Fig.  13.09-2). 
For  a  given  R  and  wf,  the  ripple  VSWR  Vf  of  the  transformer  decreases 
with  increasing  n,  and  is  readily  determined  from  Sec.  6.02.  The  maximum 
paaa-bnnd  VSWR  of  the  coupler,  F  ,  and  its  minimum  directivity  Dmit, 
may  then  be  obtained  to  a  good  approximation  by 
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(The  directivity  D  ia  defined  as  the  ratio  of  power  out  of  the  "decou* 
pled"  arai  to  power  out  of  the  coupled  arm.  See  Fig.  13.09-1.)  Exact 
formulas  (neceaaary  only  for  large  Vr)  are  given  in  Ref.  11.  The 
number  of  sectiona  n  must  be  made  large  enough  to  meet  the  desired 
performance. 


The  frequency  variation  of  the  input  VSWR  V,  the  directivity  1 )  (db) 
and  the  two  couplinga  (the  in-line  coupling  and  the  cross-over 
coupling  P2,  both  in  db),  are  plotted  in  Figs.  13.11-3,  4  and  5  for 
couplers  baaed  on  maximally  flat  quarter- wave  transformer  prototypes 
for  n  ■  1,  2,  4,  and  8,  and  for  P  *  1.5,  3  and  6,  corresponding  to 


SOURCE)  IA ff  Tr—s.  PCMTT  R«f.  II  ky  Uo  Yaw*) 

FIG.  13.113  VSWR  CHARACTERISTICS  OF  SOME 

MAXIMALLY  FLAT,  BRANCH-LINE  COUPLERS 
Imminences  el  these  couplers  ere  given  in 
Tables  13.12-1  and  13.12-2 
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SOURCE!  «M  Tmu.  PCMTT  Uh  R«f.  11  ky  »««m) 


FIG.  13. 11-4  DIRECTIVITY  CHARACTERISTICS  OF  SOME 

MAXIMALLY  FLAT,  BRANCH-LINE  COUPLERS 

Imaittoncoi  of  tkoso  couplart  oro  givon  in 

Taklo.  13.12-1  on*  13.12-2 


IIS 


s-M't-'Oe 


no  n  n  cs  h ir 

SOURCE;  IKK  Tnuu.  PCHTT  (••«  R«f.  11  kr  Lit  Yom|> 

FIG.  13.11-5  COUPLING  CHARACTERISTICS  OF 
SOME  MAXIMALLY  FLAT,  BRANCH¬ 
LINE  COUPLERS 
Immittonces  of  the**  couplers  oro 
given  In  Tables  13.12-1  and  13.12-2 
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coupling*  P,  0 of  approximately  14,  6,  and  3  db.  The  grapha  are  plotted 
againat  the  quantity  where  X  ia  the  guide  wavelength,  and 

Xj#  is  ita  value  at  band-center.  The  reaponae  ia  symmetrical  about 

*  1*  *°  Figs.  13.11-3,  4,  and  5  actually  cover  the  range 

froai  0.4  to  1.6,  although  only  the  portion  from  1.0  to  1.6  is  shown. 

For  non-dispersive  (TEM  mode)  lines,  the  guide  wavelength  X(  reduces 
to  the  free-apace  wavelength  X,  and  then  X(t/X(  reduces  to  X#/X  > 

///#,  whe  re  /  ia  the  frequency,  and  /„  is  ita  value  at  band-center 
(also  called  the  center  frequency). 

It  can  be  seen  from  Fig.  13.11-5  that  the  coupling  Pt  generally 
becomes  stronger  (P}  measured  in  decibels  decreases)  on  either  aide  of 
center  frequency  (the  curves  are  symmetrical  about  X^/X^  *  l)i  and 
correapondingly  P (  becomes  weaker  (Pj  measured  in  decibels  increases). 

The  frequency  variationa  of  Pj  and  Pg  for  couplers  baaed  on 
Tchebyacheff  transformer  prototype*  have  been  found  to  be  very  similar 
to  the  curves  shown  in  Fig.  13.11-5  for  couplers  based  on  maximally 
flat  transformer  prototypes. 

SEC.  13.12,  TABLES  OF  IMMITTANCES  OF  SYNCHRONOUS 
BRANCH- LINE  COUPLERS 

It  was  shown  in  Sec. 13. 11  how  to  determine  the  quarter-wave 
transformer  prototype  parameters  R,  vf,  and  the  number  of  sections  n 
(corresponding  to  n  M  branches).  The  computation  of  the  coupler 
immittances  H t  and  A(  (Fig.  13.09-2)  ia 
quite  tedious,  and  will  not  be  treated 
here.  The  design  process  is  simplified 
by  the  use  of  a  special  chart,11  which 
can  handle  any  transformer  impedances. 

In  practice,  it  is  likely  that  maximally 
flat  and  Tchebyacheff  transformers 
(Chapter  6)  will  usually  be  taken  for 
prototypes;  the  immittances  ff|  and  A. 
derived  from  such  transformers  were 
computed  on  a  digital  computer*  and  are 
tabulated  in  Tables  13.12-1  to  13.12-8. 

Most  cases  of  practical  interest  can  be 
obtained  from  these  tables  by  inter- 
pol ation. 
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Table  13.12-1 

BRANCH-LINE  COUPLER  IMMITTANCES 
FOR  n  ’  1  SECTION  (TWO  BRANCHES ) 


n  *  1 

A 

*1 

«0 

1.25 

1.006 

0.1119 

1.50 

1.021 

0.2040 

2.00 

1.061 

0.3535 

2.50 

1. 108 

0.4732 

3.00 

1.155 

0.5775 

4.00 

1.250 

0.7500 

5.00 

1.341 

0.894 

6.00 

1.429 

1.021 

6.00 

1.592 

1.238 

IQ. 00 

1.739 

1.423 

SOUHCli  !M  Tr# at.  KSHTT 

Rtf.  11  fey  L*o  Yi«i|) 
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Tabl*  13.12-2 

IMMITTANCES  OF  MAXIMALLY  FLAT  BRANCH- LINE  COUPLERS  FOR 
n  =  2  TO  8  SECTIONS  (THREE  TO  NINE  BRANCHES) 


SOURCE!  /» f  Tram.  K»TT  (•••  «•(.  II  by  Lao  Yotm|) 


lit 


Table  13. 12-3 


IMMITTANCES  01'  BRANCH -LINE  COUPLERS  FOR  n  «  2, 
(THREE,  FOUR,  AND  FIVE  BRANCHES)  WHEN 


3,  AND  4  SECTIONS 

a  *  0.20 
f 


« 

*1 

*2 

*1 

*2 

*3 

N 

*  2 

1.S0 

m 

0  2036 

0. 3594 

1.0790 

Kfil 

0-4922 

3.00 

1.1135 

0.2717 

0.6111 

4.00 

1.1803 

0.338S 

0.8229 

S.00 

1.2425 

0.3883 

1.0121 

6.00 

1.3000 

0.4276 

1.1859 

8.00 

1.4029 

0.4870 

1.5007 

10.00 

1.4929 

0.  5307 

1.7845 

m 

*  3 

1.50 

BSf®3i3l 

1.0206 

0.0511 

2.00 

1.0262 

1.0606 

0.0856 

2.  SO 

1.0454 

1.1067 

0.1108 

3.00 

1.0645 

1.1546 

0. 1300 

4.00 

1.1006 

1 . 2499 

0.1574 

$00 

1.1331 

1.3416 

0. 1761 

6.00 

1.1624 

1.4288 

0. 1897 

-  8.00 

1.2129 

1.5909 

0. 2078 

10.00 

1.2554 

1  7392 

0.2193 

n 

»  4 

1.50 

1.0048 

■SSI 

2.00 

1.0140 

wm 

2.50 

1.0241 

1.0909 

0.0547 

0.3727 

3.00 

1.0341 

1.1311 

0.0636 

■til 

0.4638 

4.00 

1.0527 

1.2099 

0.0760 

Bin 

5.00 

1.0692 

Emm 

0.0839 

IH 

6.00 

1.0837 

0.0894 

0.4756 

0.9110 

8.00 

1.1085 

1.4814 

0.0962 

0.5610 

1.1603 

10.00 

1.1290 

1.5949 

0.1000 

0.6293 

1.3872 

SOURCE:  Tack.  Not.  3,  Coatr.ct  AF30<402 1-2392, 
SRI  Ref.  22  by  Lao  You.f) 
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Tabl.  13.12-4 

IMMITTANCRS  OK  BRANCH • LINE  COUPLFHS  FOR  n  •  2,  3,  AND  4  SECTIONS 
(THHEE,  FOUR,  AND  FIVE  BRANCHES)  WHEN  *  0.40 


1 

*1 

*2 

..*1 

*2 

II 

■  2 

1.S0 

1.0159 

0.1061 

0.1958 

2.00 

1.0464 

0. 1807 

0.3456 

2.50 

1.0811 

0. 2376 

0.4733 

3.00 

1.1166 

0.2835 

0.5876 

4.00 

1.1857 

0. 3543 

0.7913 

500 

1.2503 

0.4078 

0.9731 

6.00 

1.3102 

0.4506 

1.1400 

8.00 

1.4181 

0. 5162 

1.4424 

10.00 

1.5132 

0.5655 

1.7146 

II 

■  S 

1.50 

1.0095 

1.0206 

0.0540 

0. 1500 

2.00 

1.0275 

1.0606 

0.0907 

0.2627 

2.50 

1.0477 

1.1067 

0. 1176 

0.3567 

3.00 

1.0679 

1.1546 

0.1381 

0.4391 

4.00 

1.1061 

1.2499 

0. 1678 

0.5821 

5.00 

1.1407 

1.3416 

0. 1882 

0.7062 

6.00 

1  1719 

1.4288 

0.2031 

0.8174 

6.00 

1.2260 

1.5909 

0.2235 

1.0139 

10.00. 

1.2718 

1.7392 

0.2367 

1.1862 

H 

■  4 

1.50 

1.0052 

1.0178 

0.0276 

0. 1016 

0.1497 

2.00 

1.0150 

1.0523 

0.04S9 

0.1751 

0.2647 

2.50 

1.0259 

1 . 0917 

0.0590 

0.2335 

0.3634 

3.00 

1.0367 

1.1323 

0.0688 

0.2823 

0.4522 

4.00 

1.0567 

1.2119 

0.0823 

0.3617 

0.6117 

5.00 

1.0745 

1.287  3 

0.0911 

0.4255 

0.7554 

6.00 

1.0904 

1.3580 

0.0972 

0.4791 

0.8884 

8.00 

1.1173 

1.4869 

0.1048 

0.5667 

1.1315 

10.00 

1.1397 

1.6023 

0.1093 

— 

0.6373 

1.3528 

SOURCE :  Tich.  Noli  ),  Cootnct  AK30< 602  > -2392 . 
SRI  (m  Rif.  22  by  Loo  Younf) 


Table  13.  i2-S 


IMMITTANCES  OF  BRANCH -LINK  COUPLERS  FOR  n  ■  2,  3,  ANI)  4  SECTIONS 
(THREE,  FOUR,  AND  FIVE  BRANCHES)  WHEN  »  >  0.60 


A 

*1 

*2 

*1 

n 

a 

*  1 

1.S0 

1.0165 

0.1128 

0. 1824 

1.0483 

0.1925 

0. 3220 

2.  SO 

1.0846 

0.2539 

0.4408 

1.1218 

0.  3037 

0.5471 

4.00 

1.1945 

0. 3818 

0.7363 

5.00 

1.2630 

0.4418 

0.9051 

1.3269 

0.4906 

1.0598 

8.00 

1.4430 

0. 5674 

1.3398 

10.00 

1.5464 

0.6271 

1.5917 

a 

■  s 

1.0103 

1.0206 

0.0594 

0.1446 

1ft  W* 

1.0606 

0. 1000 

0.2535 

1.1067 

0.1299 

0.3444 

1.1546 

0.1330 

0.4243 

4.00 

1.1159 

1.2499 

0. 1867 

0.  3632 

1.1542 

1.  3416 

0.2104 

0.6839 

6.00 

1.1889 

1.4288 

mm m 

0.7925 

8.00 

1.5909 

BE  1 

0.9845 

10.00 

1.7392 

1 £9 

1.1533 

a 

■  4 

1.S0 

1.0058 

1.0181 

0.1012 

0.1432 

1.0169 

1.0530 

0.1746 

0.2533 

2.  SO 

1.0292 

1 . 0930 

0.0672 

0.2332 

0.3476 

1.0413 

1 . 1342 

0.2824 

0.4327 

4.00 

1.0642 

1.2152 

■ 

mSSSm 

0.5853 

1.0845 

1 . 2920 

BtfiS 

■SH 

0.7228 

6.00 

1.1027 

1.3641 

0.1119 

0.4836 

0.8500 

8.00 

1.1339 

1.4960 

0.1214 

0.5746 

1.0826 

10.00 

1.1600 

1.6143 

0.1271 

0.6486 

1.2944 

SOURCE :  Tack.  Not.  ],  Contract  AEJ0(603 ) -2192, 
SRI  (lee  Ref.  22  by  Lao  Young) 
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IMMITTANCES  OF  BRANCH- LINE  COUPLERS  FOR  n  »  2,  3,  AND  4  SECTIONS 
(THREE,  FOUR,  AND  FIVE  BRANCHES)  WHEN  ay  =  0.80 


8 

*1 

*2 

*1 

*» 

*3 

ft 

■  2 

1.S0 

1.0173 

0.1225 

0. 1630 

2.00 

1.0S08 

0.2097 

0.2875 

2.  SO 

1.0891 

0.2776 

0.3933 

3.00 

1.1286 

0.3333 

0.4879 

4.00 

1.2062 

0.4221 

0.6557 

5.00 

1.2798 

0.4919 

0.8049 

6.00 

1 . 3491 

0.5499 

0.9413 

8.00 

1.4760 

0.6437 

1.1872 

10.00 

1.S90S 

C. 7192 

1.4075 

ft 

■  ) 

ISO 

1.0114 

1.0206 

0.0679 

0.1361 

2.00 

1 . 0334 

1.0606 

0.1147 

0.2388 

2.  SO 

1.0S80 

1.1067 

0. 1495 

0.3247 

3.00 

1.0830 

1. 1546 

0. 176B 

0.4004 

4.00 

1.1309 

1.2499 

0.2175 

0.5324 

5.00 

1 . 1749 

1.3416 

0.2468 

0.6476 

6.00 

1.21S3 

1.4288 

0.2692 

0.7513 

8.00 

1 . 2870 

1. 5909 

0.3020 

0.9353 

10.00 

1.3491 

1.7392 

0.3254 

1.0975 

ft 

■  4 

1.50 

1.0069 

1.0184 

0.0374 

l.C-97 

0. 1339 

2.00 

1.0199 

1.0S40 

0.0626 

0.1724 

0.2368 

2.  SO 

1.0344 

1.0947 

0.0808 

0. 2309 

0.32S1 

3.00 

1.0489 

1.1368 

0.0947 

0.2803 

0.4045 

4.00 

1 . 0763 

1.2196 

0.1143 

0.3620 

0.5472 

5.00 

1 . 1009 

1.2983 

0.1276 

0.4288 

0.6757 

6.00 

1.1230 

1.3725 

0.1372 

0.4860 

0.7946 

8.00 

1.1514 

1.5083 

0.1501 

0.5813 

1.0119 

10  00 

1 . 1939 

1.6306 

0.1582 

0.6598 

1.2097 

SOURCE:  T.ck.  Not*  1,  Co.tr.ct  AF30(602 ) -2392 , 
SRI  (•••  R*I.  22  By  Loo  Young) 


Tibi*  13.12-7 


IMMITTANCES  OF  BRANCH -  LINE  COUPLERS  FOR  n  *  2.  3,  AND  4  SECTIONS 
(TOHEE,  FOUR,  AND  FIVE  BRANCHES)  WHEN  *f  -  1.00 


8 

*1 

Ki 

*1 

*2 

m 

n 

■  2 

1.S0 

mm 

■ 

0.1354 

■ssa 

2.00 

mi 

1 

0.2326 

kXSM 

2.  SO 

1.0944 

0.3091 

■xn 

3.00 

■ 

■ 

0. 3728 

0.4090 

4.00 

B 

0.4759 

0.5480 

SOU 

0.  5590 

0.6708 

6.00 

B 

0.6294 

0.7824 

8.00 

B 

0.7463 

0.9821 

10.00 

ilpPfj 

B  B 

0.8432 

1.1595 

n 

■  2 

1.S0 

1.0131 

1.0206 

0.0807 

BSH 

2.00 

1.0383 

1.0606 

0.1369 

Ball 

2.50 

1.0668 

1.1067 

0.1795 

WSSM 

3.00 

1.09S8 

1.1546 

0.2134 

0. 3639 

4.00 

1.1521 

1.2499 

0.2652 

0.4847 

5.00 

1.2047 

1.3416 

0.3039 

0.5904 

6.00 

1.2S34 

1.4288 

0. 3347 

0.6859 

8.00 

1.3412 

1.5909 

0.3817 

0.8556 

10.00 

1 . 4189 

1.7392 

0.4173 

1.0057 

n 

*  4 

1.S0 

1.0084 

msssi 

0.0472 

0.0961 

2.00 

1.0246 

IE  1 

0.0794 

WMW 

2.  SO 

1.0426 

BSI 

0.1030 

■ssa 

0.2946 

3.00 

IS  W1"' " 

BO 

0.1211 

0.3665 

4.00 

M  1  y  . 

0. 1476 

■SSI 

0.4956 

5.00 

1.3062 

0.1661 

0.6118 

6.00 

1.3828 

0.1799 

0.7191 

8.00 

U2SS ^1 

1.5237 

0. 1994 

■El 

0.9152 

10.00 

HVI "  j^B 

1.6510 

0.2127 

Bfl 

1.0935 

SOURCE:  Toeb.  Not*  1,  Coatrtet  AFS0I602 ) >2192 , 
SHI  (***  Rof.  22  by  Loo  Young) 
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Table  13128 


IMMITTANCES  OF  P" “'31-LINE  COUPLERS  FOR  n  »  2,  3.  AND  4  SECTIONS 
(THREE,  FOUR,  AND  FIVE  BRANCHES)  WHEN  >  =1.20 


A 

*1 

*« 

"l 

*2 

n 

■  2 

1.50 

mwmm 

0.1513 

0.1056 

2.00 

0.2607 

0.1855 

2.50 

1.0995 

0.3479 

0.2527 

3.00 

l.«441 

0.4212 

0.3121 

4.00 

1.2325 

0.5419 

0.4160 

5.00 

1.3174 

0.6410 

0.5067 

6.00 

1.3982 

0.7263 

8.00 

1.5481 

kUcm 

10.00 

1.6852 

0.9929 

0.8601 

m 

■  1 

1.50 

1.0152 

1.0206 

0.0994 

0.1046 

1.0445 

1. 0606 

0.1696 

0. 1838 

1.1067 

0.2238 

wmm 

3.00 

1.1125 

1.1546 

0. 2680 

wssst 

4.00 

1.1800 

0. 3376 

0.4123 

5.00 

1.2439 

■ 

0.3918 

0.5025 

6.00 

1.3040 

1.4288 

0.4364 

0. 5841 

8.00 

1.4140 

1.5909 

0.5082 

0.7291 

10.00 

1.S133 

1.7392 

0. 5657 

0.8572 

n 

*  4 

1.50 

■SSI 

1.0192 

0.0631 

0.1047 

2.00 

Hg 

1.0566 

0.1066 

0.1851 

2.50 

USI 

0. 1393 

0.2539 

3.00 

1839 

1.1438 

0.1650 

■ 

0.3157 

4.00 

mm 

1.2316 

0.2037 

0.4263 

5.00 

■SSI 

1.3156 

0.2320 

■ 

0.5256 

6.00 

IfiSX 

1.3951 

0.2541 

0.6171 

8.00 

1.2761 

1  5419 

0. 2873 

■a@l 

10.00 

1.3381 

1.6753 

0.  3119 

no 

SOURCE :  Tach.  Not#  3,  Contract  AF3Q( 602 ) -2392 , 
SRI  (aaa  Raf.  22  by  Lao  Young) 
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The  notation  for  the  immittancea  W.  and  X.  ia  shown  in  Pig.  13.09-2. 
For  a  coupler  with  aeriea  7’- junctiona,  W.  and  K.  are  both  characteriatic 
impedance*  (s.g.  for  £-plane  junctiona  in  waveguide);  for  a  coupler  with 
ahunt  T-junctions,  M.  and  Kt  are  both  characteriatic  admittancea  (e.g.» 
for  coaxial  or  atrip  transmission  lines). 

SEC.  13.13,  EXAMPLES  ILLUSTRATING  THE  DESIGN  AND 
PERFORMANCE  OP  SYNCHRONOUS  BRANCH - 
LINE  COUPLERS 

Example—  A  3-db  coupler  is  to  have  an  input  VSWR  of  leas  than  1.10 
and  a  directivity  in  excess  of  20  db  over  a  24-percent  fractional  band¬ 
width. 

From  Fig.  13.11-1,  when  PlQ  *  3  db,  then  by  Eq.  (13.11-1),  H  •  5.84. 

Try  a  two-branch  coupler  first,  corresponding  to  a  single- section,  quarter- 
wave  transformer  prototype  (n  ■  1).  From  Fig.  13.11-2,  P  *  0.64  for 
n  *  1,  so  that  the  prototype  fractional  bandwidth  must  be  *k//3  ■ 

24/0.64  percent,  or  nearly  40  percent  by  Eq.  (13.11-3).  The  maximum 
VSWR  of  a  single- section  quarter-wave  transformer  of  fl  ■  6,  and  ■ 

0.40,  is  1.86,  from  Table  6.02-2.  It  follows  from  F.q.  (13.11-4)  that 
Fa(>  of  the  coupler  would  then  be  considerably  greater  than  the  1.10 
specified. 

Try  a  three-branch  coupler  next,  corresponding  to  a  two-section, 
quarter-wave  transformer  (n  »  2).  From  Fig.  13.11-2,  fi  *  0.62  for 
n  «  2,  so  that  the  prototype  fractional  bandwidth  must  be  24/0.62  percent, 
or  almost  40  percent.  Now  the  maximum  VSWR  of  a  two-section  quarter- 
wave  transformer  of  li  *  ft,  »  0.40,  ia  1.11  from  Table  6.02-2.  For  a 
3-db  coupler,  Eq.  (13.11-4)  yields  F„t,  »  1  +  0.11/1.414  *  1.08,  which 
is  below  the  1.10  specified.  The  directivity  from  Eq.  (13.11-5)  will  be 
better  than  “20  log(0  (0.04)  ~  Pj  *25  db,  which  exceeds  the  20  db 
speci lied. 

Thus  the  prototype  quarter-wave  transformer  will  in  this  case  have 
two  sections  (n  *  2),  H  *  5.84,  and  bandwidth  w,  *  0.40.  The  corres- 

9 

ponding  branch-guide  coupler  design  can  be  obtained  by  interpolation  from 
Table  13. 12-4. 

If  we  may  use  Fig.  13.11-5  as  a  guide,  then  over  the  24-percent  band 
specified,  this  three- branch,  3-db  coupler  would  be  expected  to  change 
each  of  its  couplings,  P,  and  P2  ,  by  a  little  under  0.3  db.  Thus  if 
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the  coupler  were  designed  to  have  3-db  coupling  at  center  frequency  (corre¬ 
sponding  to  A  •  S. 84  picked  before),  then  P}  would  go  to  2.7  db  and  Pj  to 
3 . 3  db  at  the  24-percent  Land  edges.  If  the  specification  requi red  both  Pj 
and  Pj  to  be  maintained  to  within  10.15  db of  3  db  over  the  24-percent  band, 
or  generally  to  optimize  the  balance  over  the  band  as  a  whole,  then  the  coupler 
would  be  designed  with  Pj  #  *  3.15  db,  corresponding  to  A  *  5.7,  by 
Fig.  13.11-lorEq.  (13.11-1).  With  this  choice,  and  from  Table  13.12-4, 

K0  =  1  ,  A,  1.2902  ,  //,  =  0.4363  ,  «,  *  1.0844 

The  performance  of thi s  coupler  was  analyzed  by  computer  and  is  reproduced 
in  Fig.  13.13-1.  It  is  found  to  conform  very  closely  to  the  specifications. 
(Again,  this  is  plotted  only  for  one  side  of  band-center,  since  the  response 
is  symmetrical  as  plotted.)  From  Fig.  13.13-1,  the  analyzed  performance 
over  the  24-percent  bandwidth  is:  maximum  VSWH,  1.07  ( 1 . 08  was  predicted ) ; 
minimum  directivity,  26  db  (25  db  was  predicted),  couplings  Pt  and  Pa 
both  within  ±0.2  db  of  3  db  (±0.15  db  was  predicted). 

Comparison  oj  Synchronous  anti  Periodic  Couplers  —  The  maximum  VSWR 
and  the  coupling  unbalance  of  several  3-db  periodic  couplers  was  given  in 


SOURCE!  me  Tress.  Penn  <•••  n«(.  ll  by  Lao  Voaas) 

FIG.  13.13-1  COMPUTED  PERFORMANCE  OF  A  THREE-BRANCH  (n  ■  2)  COUPLER 
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Tables  13. 10-2  and  13. 10-3  for  three  particular 
bandwidth*  .  None  of  the  periodic  couplera  could 
be  designed  for  any  particular  bandwidtrlr,  wnrF-trlre 
performance  of  any  one  coupler  aimply  degenerates 
slowly  as  ita  operating  bandwidth  is  increased. 

(For  instance,  the  VSWH  ripples  keep  getting 
bigger.)  To  improve  the  performance  over  any  par 
ticuiar  bandwidth  one  can  increase  the  number  of 
branches  (but  avoid  an  increase  from  an  even  to  an 
odd  number  of  branches). 

By  contrast,  synchronous  couplers  have  a  clearly  defined  pass  band  over 
which  at  least  their  VSWH  an  !  directivity  is  optimized.  Three  di  f ferent  foor- 
branch  synchronous  couplers  were  obtained  from  the  tables  in  Sec.  13.  12.  Each 
has  n  -  3  and  R  ■  5. 5,  and  the.r  several  transformer  prototype  bandwidths  are 
3  0.40  (Case  1),  =  0.60  (Case  2),  and  -  0.80  (Case  3).  These 

three  couplers  give  about  optimum  performance  over  bandwidth*  of 
wk  -  0.16,  aij  -  0.28  and  a>k  *  0.48,  respectively,  corresponding  to  the  band- 
widths  in  Tables  13 . 10- 2  and  13 .  1 0- 3 .  The  maximum  VSWH  and  coupling  unbalance 
over  thei r  respect i ve  pass  bands  i  s  shown  i  n  Table  13.13-1.  A  comparison  with 
Tables  13.  10-2  and  13.  10-3  shows  that  the  VSWR  of  the  four  - branch  synchronous 
couplers  is  as  good  as  (or  better  than)  that  of  the  eight-branch  periodic  coupler. 
There  is  also  a  slight  improvement  in  the  coup  1  i  ng  unba  1  ance  ove  r  the  four -branch 
periodic  coupler. 

SEC.  13.14,  DESIGN  OF  AN  KXPKK1  MENTAL  DHANCII-  LINE 
COUPLEH  IN  WAVEGUIDE 

The  design  of  a  6-db  coupler  in  waveguide  wi  11  now  be  discussed.  A  proto¬ 
type  trans  forme  rhavingn-4(five  brandies),  R  =3  and  *  0.  40  was  selected. 

At  that  time11  the  tables  in  Sec.  13.12  were  not  a vai  1  able  and  the  following 
immittances  were  calculated  by  charts;11  the  more  exact  values  from 
Table  13.12-4  ( not  used  in  the  construction)  are  shown  in  parentheses: 

K0  --  1.0  (1.0)  //,  =  0.070  (0.0688)  'j 

K,  -  1.036  (1.0367)  ll2  -  0.274  (0.2823)  l  (13.14-1) 

K2  =  1.127  (1.1323)  «,  =  0.450  (0.4522)  J 

It  was  verified  by  analysis  on  a  digital  computer  that  the  immittances 
from  the  tables  (in  parentheses)  would  give  a  slightly  improved  coupler;  the 
improvement  was,  however,  not  large  enough  to  warrant  the  expense  of  building 
anew  model.  It  was  alao  demonstrated11***  that  the  performance  of  this 


Table  13.13-1 


PERFORMANCES  OF  THREE 
SYNCHRONOUS  3-db  COUPLERS 
OF  FOUR  BRANCHES 


CASE 

FRACTIONAL 

6ANDSID1H 

*k 

mw* 

V9VR 

COUPLING 

IMBALANCE 

(4b) 

1 

0.16 

1.01 

0. 19 

2 

0.28 

1.02 

0.57 

3 

0.48 

1.0? 

1.9 

SOURCE:  IWck.  Net.  3. 

Caatract  AF  J0(60J)-Z3»J,  SRI 
<aaa  Ra(.  ti  by  Ua  Yeaaf) 
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SOURCE,  ms  Trwmt.  PCMTT  U*«  Hal.  11  by  Ln  Vsui) 

FIG.  13.14-1  PERFORMANCE  OF  FIVE-BRANCH  (n  -  4)  COUPLER 
Lines  are  computed;  points  ore  measured  on  experimental 
models  shown  in  Figs.  13.14-3,  13.14-4,  and  13.14-5 

coupler  could  be  predicted  accurately.  The  details  of  the  calculation  are 
similar  to  the  example  in  Sec.  13.13,  and  are  not  reproduced  here. 

The  computed  performance  of  this  coupler  is  shown  in  Fig.  13.14-1.  The  ex¬ 
perimental  points  are  plotted  in  the  same  figure,  and  will  be  explained  below. 

Construction  and  Experimental  Performance——  The  coupler  was  to  be  con¬ 
structed  in  S-band,  with  rectangular  waveguide  outputs  of  2.840  inches  by 
1.420  inches.  Hie  center  frequency  was  to  be  2975  Me.  (therefore,  A(0  *  5.54  inchea.) 

Since  waveguide  T-junctiona  sre  series  junctions,  the  immittances 
Ki  and  Hi  are  impedances;  however,  since  waveguide  T-junctions  are  not 

i 

| 

3 

i 

# 
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perfect  aeries  junctions,  they  can  be  represented  by  an  equivalent  cir¬ 
cuit  such  as  is  shown  in  Fig.  13(14—2.  (This  is  the  sasie  circuit  as 
Fig.  6.1-2  on  p.  338  of  Ref.  20.)  At  any  T-junction  of  the  coupler, 
ifi_1  and  Kt  are  generally  not  equal,  although  they  differ  only  slightly, 
so  that  A'av  in  Fig.  13.14-2(a)  was  set  equal  to  their  arithmetic  mean 
(#f t _ j  +  K{)/ 2/  Similarly  the  wave-guide  height  substituted  into  the 
graphs  of  Ref.  20  to  obtain  the  T-junction  properties  was  ba,  2  (6i_1  + 
bi)/2,  and  the  junction  was  treated  as  if  it  were  symmetrical  [see 
Fig.  13. 14-2(a)] . 


-*v| 

i  i  L 


a- 


REACTANCE 

(NEGLECTED) 


The  waveguide  heights  (their  b-dimensiona )  were  first  taken  as  pro¬ 
portional  to  the  respective  K  or  H  values  (Eq.  13.14-1);  they  were  fixed 
by  the  b-dimensions  of  the  four  ports,  which  were  each  equal  to  b„  = 
1.420  inches.  This  determined  the  b-dimensions  in  the  through-guides 
without  further  adjustments,  but  the  b-dimenaions  of  the  branch  guides 
had  to  be  further  increased  to  allow  for  the  transformer  factor  denoted 
by  n2  in  Kef.  20  (no  connec¬ 
tion  with  the  number  of  aec-  «*m 

tions,  n).  This  factor  was 
found  from  Table  6.1-10  on 
p.  346  in  Kef.  20,  and  the 
branch  b-dimensions,  were  in¬ 
creased  by  a  factor,  1/n*. 

Since  this  changed  the  junc¬ 
tion  dimensions,  the  quantity 
n2  had  to  be  worked  out  again, 
and  more  times  if  necessary 
(usually  this  is  not  neces¬ 
sary)  until  each  product  of 
n2  and  the  branch  guide 
b-dimension  was  proportional 
to  the  appropriate  impedance  H. 

Finally,  the  reference  plane 
positions,  d  and  d' ,  of  each 
junction  were  determined2* 

(Fig.  13.14-2) 


(0)  SYMMETRICAL  JUNCTION 


d’ 

1. 


*l- 


r-r- 


n  Mi  « 

J  L 


REACTANCE 

(NEGLECTED) 


(b)  (ASYMMETRICAL  JUNCTION 


b|.,  *b, 


SOURCE:  Tack.  Noto  S.  Contract  AF  SOWttVMW.  SRIi 
(aoo  Ral.  H  ky  Loo  Yonaf) 


FIG.  13.14-2  EQUIVALENT  CIRCUITS  OF 
T-JUNCTIONS 
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The  dimension*  of  thie  coupler  were  calculated,  uaing  the  iaipedencee 
of  Eq.  (13.14  1)  and  the  T-junction  equivalent  circuits  in  Ref.  20. 

(The  eeries  reactances  were  included  in  several  of  the  earlier  confuta¬ 
tions  analysing  the  coupler  performance.  Their  preaence  wee  found  to 
affect  the  performance  only  slightly,  and  has  been  ignored  in  all  later 
computations. ) 

The  coupler  £-plane  cross  section  might  be  expected  to  require 
stepped  top  and  bottom  walls  (Fig.  13.09-1)  to  obtain  the  changes  in 
impedance  X.  called  for  in  Eq.  (13.14-1).  However,  the  reference  planes 
(TJ  in  Fig.  13.14-2)  move  in  such  a  manner  that  the  branches  have  to  be 
shortened  more  where  the  impedances  K  are  larger,  with  the  reault  that 
the  top  and  bottom  walla  (Fig.  13.09-1)  come  out  almost  straight.  In 
order  to  obtain  straight  top  and  bottom  walla  aa  shown  in  Fig.  13.09-1, 
end  yet  maintain  the  correct  impedances  X.  ,  branch  lengths  some  of 
which  differ  slightly  from  the  lengths  calculated20have  to  bo  accepted. 

The  dimensions  so  calculated  are  shown  in  Fig.  13.14-3.  The  coupler 
was  constructed  in  two  halves  as  shown  in  Fig.  13.14-4.  Three  jig-plates 
of  aluminum  were  used  to  make  a  {/-shaped  channel,  in  which  six  aluminum 
blocks  were  placed  and  bolted  down  to  form  the  waveguide  channels.  The 
end  blocks  contain  transformers  from  the  waveguide  height  of  1.420  inches 


i 


SOURCE'  Ml  Tram.  POtTT  (aaa  Rif.  11  Sr  Lao  Yaws) 


FIG.  13.14-3  DIMENSIONS  OF  FIRST  S-BAND,  FIVE- 
BRANCH,  6-dh  COUPLER 
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SOURCE:  IKE  Trout.  PCUTT  (■«•  Rtf.  11  byLeo  Young) 

FIG.  13.14-4  EXPLODED  VIEW  OF  S-BAND,  EXPERIMENTAL  FIVE-BRANCH,  6-db  COUPLER 
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to  1.340  inches,  so  that  standard  WR- 284  waveguide  test  equipment  could 
be  connected.  The  depth  of  all  the  channels  is  half  of  2.040  inches, 
or  1.420  inches.  The  two  pieces  shown  in  Fig.  13.14*4  wars  finally 
superimposed  and  bolted  together  to  form  the  6-db  coupler. 

The  measured  performance  of  the  completed  coupler  is  shown  by  the 
light  points  in  Fig.  13.14-1,  which  go  with  the  frequency  scale  (4)  near 
the  bottom  of  Fig.  13.14-1.  Plotted  on  a  X(0/X|sccle,  the  points 
fit  the  computed  curves  very  closely;  however,  the  center  frequency  is 
312S  Me  instead  of  the  design  value  of  2975  Me.  This  discrepancy  is 
thought  to  result  from  the  relatively  large  b-dimenaiona  which,  for 
instance,  make  the  length  of  an  outline  edge  on  the  two  center  squares 
in  Fig.  13.14-3  only  about  one-seventh  wavelength.  Thus,  non-propagating 
higher-order  modes  could  be  set  up,  giving  rise  to  interaction  effects 
st  such  close  apacinga. 

All  branch  lengths  and  apacings,  nominally  one-quarter  wavelength, 
were  then  scaled  in  the  ratio  of  the  guide  wavelengths  to  reduce  the 
center  frequency  from  3125  to  2975  Me,  and  the  coupler  was  tested  again. 
Its  center  frequency  moved  down  as  expected,  but  the  coupling  there 
became  stronger,  going  from  6.1  to  5.R  db.  Since  the  coupling  becomes 
stronger  still  at  off-center  frequencies,  it  was  decided  to  reduce  the 
branch  heights  to  weaken  the  coupling  by  0.5  db  at  center  frequency, 
changing  the  5.8  db  to  6.3  db  coupling.  The  new  dimensions  calculated 
are  ahown  in  Fig.  13. 14-5.  The  measured  results  are  shown  by  the  black 
points  in  Fig.  13.14-1  which  go  with  the  frequency  scale  (6)  at  the 
bottom  of  Fig.  13.14-1.  It  is  seen  thst  this  coupler  gives  the  desired 
center  frequency,  and  its  performance  closely  follows  the  computed  curves. 

Power-Handl  ing  Capacity— Ml  edges  orthogonal  to  the  electric  field 
of  the  TE10  mode  were  then  rounded  off  to  increase  the  power- handl ing 
capacity.  The  edges  of  the  eight  rectangular  blocks  were  rounded  to  a 
radius  of  one-eighth  inch;  the  edges  of  the  four  outside  blocks,  on  the 
faces  defining  the  outside  edges  of  the  narrowest  branches,  were  rounded 
to  a  radius  of  one-sixteenth  inch.  These  radii  were  estimated  from 
Fig.  15.02-5  to  reduce  the  field  strength  st  the  edges  to  less  than 
double  the  field  strength  in  the  waveguides. Any  further  rounding 
would  have  helped  very  little.  The  performance  of  the  coupler  with 
rounded  edges  was  measured,  and  found  to  reproduce  the  performance  shown 
in  Fig.  13.14-1  to  within  experimental  accuracy. 
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SOURCE!  MX  Tr**t.  PCUTT  Um  R.f.  U  ky  La*  Y*<wf) 

FIG.  13.14-3  DIMENSIONS  OF  S-BAND,  FIVE-BRANCH, 
6-db  COUPLER  AFTER  MODIFICATIONS 


It  was  estimated22  that  this  coupler  should  handle  about  39-percent 
of  the  peak  power  handled  by  the  waveguide.  This  is  chiefly  determined 
by  the  radii  of  the  T-junction  corners.  In  WIT-  2B4  waveguide,  this 
corresponds  roughly  to  1.0  megawatt.  The  coupler  waa  tested11 at  high 
power  using  a  3. 8-microaecond  pulse  at  60  pps,  at  a  frequency  of  2857  Me. 
With  air  at  atmospheric  pressure,  no  arcing  was  observed  with  1  megawatt 
peak  power. 
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of  Fig.  14.01-Kc)  is  typical  of  a  multi -resonator  directional 
filter. 

The  midband  insertion  loss,  between  the  ports  having  the  band¬ 
pass  frequency  response,  of  an  actual  directional  filter  employing 
resonators  with  a  finite  unloaded  Q  is  the  same  as  that  of  a  two-port 
band-pass  filter  having  the  same  frequency  response  and  utilizing 
resonators  with  the  same  unloaded  Q.  The  midband  insertion  loss  can 
be  computed  by  the  methods  given  in  Secs.  4.13  and  11.06. 

Figure  14.01-2  gives  an  example  of  the  use  of  directional 
filters.  In  the  case  of  Filters  a,  b,  and  d,  the  isolated  port  is 
not  used.  However,  in  the  case  of  Filter  c,  it  is  used  to  permit 
/  and  fd  to  appear  at  a  common  port.  Recause  the  directional  filter 
is  a  reciprocal  device,  Fig.  14.01-2  can  also  be  used  as  an  example  of 
a  frequency  combining  device  if  all  the  arrows  arc  reversed.  Count¬ 
less  other  interconnections  of  directional  filters  are  feasible  to 
meet  specific  requirements. 
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end  F.  S.  Coale) 


FIG.  14.01-2  EXAMPLE  OF  DIRECTIONAL-FILTER 
APPLICATION  TO  CHANNEL 
SEPARATION 


A  variety  of  directional  filters  have  been  devised,  although  only 
a  limited  number  have  found  wide  application.  The  most  useful  types 
are  discussed  in  detail  in  this  chapter  and  are  illustrated  in 
Fig.  14.01-3. 

The  directional  filter  shown  in  Fig.  14.01-3(a)  utilizes  two 
rectangular  waveguides  operating  in  the  dominant  TE10  mode  connected 
by  means  of  cylindrical  direct-coupled  cavity  resonators  operating  in 
the  circularly  polarized  TE, t  mode.  Any  number  of  circularly  polarized 
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SOURCE:  Pinal  Report,  Contract  l)A  36*039 

SC-64625,  SHI;  reprinted  in  l*roc.  IKE 
(aee  Ref.  I  by  S.  H.  Cohn  and  F.  S.  Coale) 

FIG.  14.01-3  TYPES  OF  DIRECTIONAL  FILTERS  DISCUSSED 
IN  THIS  CHAPTER 

TEjj  resonators  ran  be  used  in  this  directional  filter  to  obtain  increased 
off -channel  rejection.  The  pass  band  of  this  type  of  filter  is  typically 
only  a  fraction  of  one  percent  wide.  However,  by  using  special  coupling 
apertures  between  the  rectangular  waveguides,  bandwidths  on  the  order  of 
3  percent  can  be  obtained  for  single  cavity  filters  and  bandwidths  of 
about  2  percent  can  be  obtained  for  mult i -cavity  filters.  The  high-Q 
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cavities  used  in  this  type  of  filter  permit  relatively  low-loss  performance 
for  a  given  pass-band  width. 

The  two  forms  of  strip-line  directional  filters  shown  in  Fig.  14.01-3(b) 
and  -3(c)  have  essentially  the  same  frequency  response.  The  resonators  in 
these  directional  filters  cannot  be  cascaded  to  obtain  increased  off-channel 
rejection  as  could  those  in  the  previously  described  waveguide  directional 
filter.5  Therefore,  this  type  of  directional  filter  is  suitable  for  use 
when  only  a  single -resonator  band-pass  frequency  response  is  required  be¬ 
tween  Ports  1  and  4.  Pass-band  widths  of  several  percent  are  easily  ob¬ 
tained  with  this  type  of  directional  filter. 

The  strip-line  directional  filter  shown  in  Fig.  14.01-3(d)  utilizes 
t rave  1 ing -wave  ring  resonators  which  are  typically  one  wavelength  in  mean 
circumference  at  midband.  They  are  coupled  to  one  another,  and  to  the 
terminating  strip  lines,  by  means  of  quarter -wave length  directional 
couplers  of  the  type  discussed  in  Chapter  13.  As  in  the  case  of  the  wave¬ 
guide  directional  filter,  any  number  of  t rave  1 i ng -wave  ring  resonators 
can  be  utilized  to  obtain  increased  off-channel  .’•ejection  between  Ports  1 
and  4.  Pass-band  widths  on  the  order  of  10  percent  or  more  can  in  principle 
be  obtained  with  this  type  of  directional  filter  becnuse  it  is  possible  to 
tightly  couple  the  t rave  1 i ng -wave  rings  to  the  terminating  lines  and  to  each 
other.  However,  in  practice,  these  devices  are  usually  designed  for  more 
modest  bandwidths  up  to  only  a  few  percent.  Strip-line  construction  for 
directional  filters,  of  course,  has  an  advantage  of  ease  of  manufacture. 

However,  the  resonator  Q’s  are  lower  so  that  the  losses  will  be  greater  for 

/' 

a  given  pass-band  width  than  if  cuvities  are  used. 

This  latter  type  of  directional  filter  could  also  be  realized  in  wave¬ 
guides  using  any  of  a  variety  of  waveguide  couplers  to  connect  a  waveguide 
ring  to  the  external  waveguide,  but  it  appears  that  this  form  of  filter 
has  not  been  used  in  practice.  A  closely  related  form  of  waveguide 
traveling-wave  ring  structure  which  has  been  used  extensively  as  a  power 
multiplier  is  shown  in  Fig.  14.01-4.  This  structure  is  formed  from  a 
single -resonator  traveling-wave  ring  directional  filter  in  which  the  output 
waveguide  has  been  removed.  When  the  ring,  which  typically  has  a  length  of 
several  guide  wavelengths,  is  resonant,  most  of  the  power  entering  Port  1 
is  delivered  to  the  large  amplitude  traveling  wave  within  the  ring,  while 
the  remainder  is  delivered  to  the  load‘1  The  average  power  level  of  the 
wave  circulating  within  the  ring  can  be  made  quite  high.  As  an  example  of 
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FIG.  14.01-4  WAVEGUIDE  TRAVELING-WAVE-RING 
POWER  MULTIPLIED 


the  power  multiplication  tliat  cun  lie  obtained  it  is  found  that  ii  the  at¬ 
tenuation  of  u  wave  traveling  once  around  Lite  ring  is  0.2  db  and  the  directional 
coupler  has  a  coup  1  i ng o i  ~  16  db,  the  average  powe r  leve l  of  the  wa ve  c i  rcul a t i ng 
within  the  ring  is  20  times  the  i npu t  power.  '1  bus,  microwave  devices  such  as 
waveguide  windows  which  absorb  little  power  but  must  be  able  to  operate  with  high 
power  passing  through  them,  cun  be  tested  by  inserting  them  in  the  ring  c  i  rcu  i  t  — 
while  the  ring  circuit  i tse 1 f  i  s exc i t ed  by  a  relatively  low-power  source. 

Another  circuit  which  operates  as  a  directional  filter  is  discussed  in 
Sec.  16.02.  This  circuit  uses  two  hybrid  junctions  and  two  conventional 
filters  to  obtain  a  directional  filter  type  of  operation. 


SEC.  14.02,  WAVEGUIDE  1)1  DECT  ION  Al. 

El  l.TEHS 

This  section  presents  design  informa¬ 
tion  and  measured  performance  for  the  type 
of  waveguide  directional  filter  illustrated 
in  Etg.  14.02-1.  This  filter  util  ires  two 
rectangular  waveguides  operating  in  the 
IE |  o  '"ode  connected  by  means  of  cylindrical, 
direct-coupled  cavity  resonators  operating 
in  the  circularly  polarized  TEj j  mode. 
Coupling  between  the  cavities  is  obtained 
by  means  of  circular  apertures,  while 
coupling  between  the  cavities  and  the  ex 
ternal  waveguide  is  obtained  either  by 
means  of  the  circular  apertures  shown  or  by 
other  types  of  apertures  described  luter 


3  4 


FIG.  14.02-1  A  WAVEGUIDE 
DIRECTIONAL 
FILTER  HAVING 
n  RESONATORS 
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At  the  midband  frequency  a  signal  incident  on  Port  1  excites  circularly 
polarized  TKj  j  modes  in  the • various  cavities.  The  circularly  polarized 
wave  in  the  nth  cavity  then  exci tes  a  TE,  0 mode  in  the  external  waveguide 
traveling  toward  Port  4.  No  power  is  transmitted  to  Port  3.  The  frequency 
response  at  Port  4  is  equivalent  to  that  of  a  band -pass  filter,  while  the 
response  aL  Port  2  is  complementary  and  equivalent  to  that  of  a  band-reject  filter. 

The  shape  of  the  attenuation  response  for  transmission  between  Port  1 
and  Port  4  is  governed  by  the  number  of  resonant  ca v i t i es  i  n  the  directional 
filter.  In  fact,  any  shape  of  band-pass  frequency  response,  such  as  those 
shown  at  the  right  in  Fig.  14.02-2,  that  can  be  obtained  with  an  n-cavity 
band-pass  waveguide  filter  (Sec.  8.06)  cun  also  be  obtained  with  this  type 
of  n-cavity  directional  filter.  The  width  of  the  pass-band  response  at 
Port  4  is  typical ly  only  a  fractionofa  percent.  However,  as  explained  later 
the  width  of  the  pass  band  can  be  increased  to  several  percent  by  using  specially 
shaped  coupling  apertures  between  the  rectangular  waveguides  and  the  cylindrical  cavities 

Table  14.02-1  is  a  design  chart  for  the  waveguide  directional  filter 
shown  in  Fig.  14.02-1.  In  this  chart  the  design  parameters  for  waveguide 
prototype  response  band-pass  filter  response 


u' — w  — 


(0)  MAXIMALLY  flat  responses 
PROTOTYPE  RESPONSE  BANO-PASS  FILTER  RESPONSE 


(61  TCHEBYCMEFF  RESPONSES  , 

FIG.  14.02-2  SOME  LOW-PASS  PROTOTYPE  RESPONSES  AND  CORRE¬ 
SPONDING  BAND-PASS  FILTER  RESPONSES 
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Tabl*  14.02-1 

DESIGN  EQUATIONS  FOR  CIRCULAR -WAVEGUIDE  DIRECTIONAL  FILTERS 


The  pereaetera  g0,  g^,  ...  ,  are  at  defined  in  Sec.  4.04,  while 

6>|,  uq,  wj,  end  uij  are  ae  defined  in  Fig.  14.02-2. 
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where  (c^  .+|)  is  the  power  coupling  fsetor,  end  where  p  is  the 
number  of  half -wavelengths  in  the  resonators. 


To  determine  aperture  sites  first  compute  the  polariiatu  lities  (the 
equations  given  are  most  accurate  for  very  small  apertures): 
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Table  14.02-1 


concluded 


where  a,  b,  and  D  are  defined  in  Fig.  14.02-1,  and 


.-1 


2e 


dietance  of  a  email  aperture  , , « , 
from  aide  of  waveguide  vlu' 


fuide  wavelength  in  cy- 
indrical  waveguide  of  (11) 

diene  ter  D  at  frequency  oj0 


guide  wavelength  in  rectan- 

f liter  waveguide  of  width  a  at  (12) 
requency  a ^ 


A 0  *  wavelength  of  a  plane  wave  at  frequency  nij 

For  aanll  circular  aperturea,  the  required  hole  dianetera  are 
approx  iaately 


i.i+I 


i«0  ta  ii 


yar 


i.  »♦! 


(13) 


Approximate  corractiona  for  aperture  thicknesa  t  and  aize  can  be 
obtained  by  coaiputing  coaipenaated  polarizabi  1  itiea 
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and  then  recoaiputing  the  d.  jfl  uaing  Kq.  (13)  and  the  (IT  j+,)f. 


4>i  *  up  ~  J 


-i  2*  .  .  .  2X  ... 

tan  1  — ilL-t  a  ten  1 


radiant 


where 


electrical  diatance  between  irieea 

16* 


(15) 


X  ... 

i.  i*l 


LM1L 


0. 9550aA7 


»o 


■  normalized  ahunt  reactance  of  irie 
A  auggeated  low-paaa  to  band-paae  napping  (Sec.  8.04)  ie 

(16) 


"l  *  \  "o  / 


842 


directional  filter*  are  spec i f ied  in  terns  of  the  band-pass  frequency  re¬ 
sponse  at  Port  4.  This  band-pass  response  is  related  in  turn  to  the  coupling 
coefficients  +  ,  andexternal  Q’a,  {Q,)A  and(Qf)<(  of  a  two-port  band-pass 
filter  having  an  identical  frequency  response.  It  is  also  related  to  the  re¬ 
sponse  of  a  low-pass  prototype  fi Iter  having  element  values g# ,  g j ,  g2 , 
gHfl.  As  discussed  in  Secs.  4.  13  and  11 . 06 ,  the  increase  in  midband  attenua¬ 
tion  (AL4)0  at  Port  4  due  to  dissipation  in  the  circuit  can  be  computed 
from  the  prototype  element  values  and  the  Q‘  a  of  the  resonators. 

The  quantity  c  in  this  chart  is  the  square  root  of  a  power  coupling 
factor.  It  is  related  to  the  square  of  the  magnitude  of  a  scattering 
coefficient  (Sec.  2.12)  as  defined  in  Figs.  5.10-7  and  5.10-10.  For 
example,  the  power  coupling  factor  (ct  i+,)2  between  the  cavities  t  and 
i  +  1  is  defined  as  follows.  Let  cavity  i  +  1  be  extended  in  length  and 
a  matched  loud*  inserted  inside.  Let  cavity  i  be  cut  in  two  and  power  fed 
to  iris  i,  i  + 1  from  a  linearly  or  circularly  polarized  mate  It  edge nerator.* 
Then  the  ratio  of  the  power  delivered  to  the  load  to  that  available  from 
the  generator  is  (ct  which  is  the  same  as  in  Fig.  5.10-7. 

The  power  coupling  factors  ( c  0  j  ) 2  and  (cn  B*,)J  are  defined  in  a 
similar  way.  Again  we  assume  that  cavity  number  1  is  extended  and  a 
matched  load*  inserted  inside.  Likewise,  a  matched  load*  is  placed  at  Port  2 
and  a  matched  generator*  is  placed  at  Port  1.  The  ratio  of  the  total  power 
in'  the  circularly  polarized  wave  delivered  to  the  load  in  the  cylindrical 
guide  to  that  available  from  the  generator  is  (c01)2,  which  in  Fig.  5.10-10 
is  |.S  |*  +  | -S j  3 1  2 ,  where  for  the  case  of  circular  polarization 

In  practically  all  cases,  the  length  of  the  cavities  is  approximately 
one-half  guide  wavelength,  V0/2,  at  midband.  However,  the  cav i t  ies  can  in 
principle  be  designed  to  be  approximately  an  integral  number  p  of  half 
guide -wa ve  lengths  long.  The  exact  electrical  length  <pi  of  the  cuvities, 
which  is  given  in  the  chart,  is  reduced  somewhat  from  the  value  of  180  /> 
degrees  because  of  the  stored  magnetic  energy  in  the  coupling  apertures. 

In  order  that  a  pure  circularly  polarized  wave  be  induced  in  the " 
cylindrical  cavities,  it'  is  necessary,  when  using  circular  coupling  aper¬ 
tures  between  the  end  cavities  and  the  rectangular  waveguides,  to  offset 
the  axis  of  the  cavities  a  distance  x  from  the  side  of  the  rectangular 
guide  as  given  in  Table  14.02-1.  In  this  case  a  perfectly  circularly 

*  "Matcktd"  ••  uitd  Kira  rofir*  to  ■«ichiii|  tho  (wide  lapidaaco. 
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la riled  wave  ia  induced  only  at  the  design  center  frequency,  although 
wave  is  nearly  circularly  polarized  over  the  range  of  pasa-band  fre- 
■ncies.  A  type  of  coupling  arrangement  uaing  three  alota  that  producea 
essentially  circularly  polarized  wave  in  the  cavities*  over  a  much 
lor  frequency  interval  ia  shown  in  Fig.  14.02-3.  In  this  arrangement 
■  axis  of  the  cylindrical  cavities  coincides  with  the  axis  of  the 
tangular  guides. 


Waveguide  directional  filters  having  larger  bandwidths  can  be  ob- 
ined  by  using  large  coupling  apertures  of  the  types  shown  in  Fig.  14.02-4. 
<*  dimensions  of  these  apertures  are  too  large  to  be  computed  very  ac- 
irately  using  the  sma 1 1 -aperture  coupling  data  presented  in  Chapter  5. 
iwever ,  in  the  case  of  the  two-slot  configuration  in  Fig.  1 4 . 02 -4(b) 
ethe's  theory  can  be  used  to  obtain  a  first  approximation  for  the  coupling 
lots,  and  then  corrections  can  be  made  after  experimental  tests.  If  JKj 
is  the  magnetic  polarizability  of  the  transverse  slot  in  the  transverse 
direction  while  is  the  magnetic  polarizability  of  the  longitudinal  slot 
in  the  longitudinal  direction,  then  according  to  Rethe's  small  aperture 
t  heory 


and 


In  *  2  (s  in  Vfcer2> 


1 -H 


where 


M*ki sin  (~r) 


mt\  Jl(*,r2) 
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»  guide  wavelength  in  rectangular  guide 
■  guide  wavelength  in  circular  guide 
a  "  width  of  rectangular  guide 
6  ■  height  of  rectangular  guide 

ff,  t  j j ,  a  j ,  and  x 2 


(14.02-1) 


(14.02-2) 
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Assuming  small  apertures,  the  condition  for  ci  rcular  pol  ari  ration  is 


4s2a./1(ftz1)  con  (36Qj|/A.g0) 


*1  "  ((X*2  )  sin  ( IBOxg/* ) 


Ifj  =  magnetic  polarizability  of  each  transverse  slot 

[Fig.  5. l0-4(a)] 

Nj  -  magnetic  polarizability  of  the  longitudinal  slot 

[FiK.  5.10-4(a)] 

=  guide  wavelength  in  rectangular  guide  at  midband 
frequency 

a  =  2-rr/l.  705/) 

f  =  tolerance  factor:  when  .f  -  1.02  the  axial  ratio 
in  the  circular  guide  is  less  than  1.02  from 
A.  =  8.82zj  to  6.28zj.  Hie  design  center  value 
of  in  this  cose  is  7.30*j. 

Under  this  condition 

2  128^^^  «in2  ( lBOxj/o )  L/|  (ft*2 

3a3t/)V0«Zx* 

A/n  “  guide  wavelength  in  circularly  polarized  cavity 
at  midband 

SOURCE:  Pm.  IRE  (ate  Ref.  8  by  S.  S.  Cohn) 


FIG.  14.02-3  APPROXIMATE  DESIGN  EQUATIONS  FOR  A  BROADBAND, 
CIRCULAR-POLARIZATION  COUPLER 
Tho  axial  ratio  it  tho  ratio  of  tha  Hold  strength*  Ex  and  Ez 
at  right  anglat  to  aach  othar 
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•LOT  1 


(•)  RECTANOULSR -APERTURE  COUPLER  (b)  TWO  -  SLOT  COUPLER 


FIG.  14.02-4  APERTURE  CONFIGURATIONS  HAVING  LARGE  COUPLING 
FACTORS 

are  distances  as  indicated  in  Fig.  14.02-4(b),  It f  -  1..84/R,  and  c  is  the 
square  root  of  the  power  coupling  factor  anil  is  equal  to  c#l  or 
obtained  from  Eq  (5)  or  Kq-  (7)  of  Table  14.02-1.  The  trial  dimensions 
of  the  slots  can  be  obtained  from  Fig.  5.10-4(a)  along  with  the  thickness 
and  sixe  correction  given  by  Eq.  (5.10-6).  Cut  and  try  refinement  of  the 
slot  dimensions  can  then  be  achieved  using  experimental  techniques 
described  later  in  this  section. 

Table  14.02-2  shows  the  final  dimensions  and  measured  performance 
for  several  aperture  designs  of  the  types  in  Fig.  14.02-4.  These  designs 
all  have  relatively  tight  coupling,  but  that  of  the  two-slot  configurations 
is  decidedly  the  tightest.  The  axial  ratio  referred  to  in  these  data  is 
the  ratio  of  field  strengths  at  right  angles  to  each  other  in  a  plane 
perpendicular  to  the  axis  of  the  circular  guide.  For  perfect  circular 
polarisation  the  axial  ratio  is  one.  Figure  14.02-5  shows  the  meesured 
power  coupling  and  axial  ratio  as  a  function  of  frequency  for  the  two-slot 
configuration  whose  dimensions  are  given  in  the  column  on  the  far  right 
in  Table  14.02-2. 
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Table  14.02-2 

TYPICAL  COUPLING  PROPERTIES  OF  URGE  APERTURES  FOR 
WAVEGUIDE  DIRECTIONAL  FILTERS  AT  /  •  9780  Me 


.  CIRCULAR  HOLE  , 
LFi*.  l«.02-4(e)J 

RECTANGULAR 
.  APERTURE  , 
[Pi*.  14.02.4(a)] 

TWO-SLOT  COUPLER 
[Fi«.  14.02.4(b)] 

TWO-SLOT  COUPLER 
[Fi«.  1  4 . 02  -  4 <  b  ) ] 

(linens  ian> 

(inches) 

i  -  0.440 

x  "  0.207 
from  aide  wall 

r,  -  rj  «  0 

D  ■  1.114 

1,  •  0.442 

1,  ■  0.450 

x,  ■  x.  *  0.229 
Iran  center  line 

rj  "  r2  «  0 

A  ■  0.554 

1,  ■  0.461 
e,  ■  0.-W6 
lj  «  0.518 
b2  «  0.142 
x,  -  0 
x 2  “  0.320 
r,  =-  0.243 
r2  =  0.077 

A  =  0.554 

1,  -  0.510 

Bj  »  0.136 
lj  -  0.565 
w  Bj  -  0.142 

Xj  »  0 

x  *=  0.320 

r,  “  0.243 
rj  *  0.077 

A  »  0.554 

Aperture 

Thickness  ( () 
(inches) 

0.023 

0.025 

0.025 

0.025 

Axiel  Rstio 

1.03 

1.04 

1.04 

1 . 10 

Totsl  Coupling 
Factor  (db) 

>0  log1#e* 

-17.3 

-12.8 

-H.B 

-8.2 

VS*H  in  Rectan¬ 
gular  Waveguide 

1.05 

• 

1 .08 

1.25 

73.5 

1  .23 

«Va  - 

556 

194 

63.5 

FREQUENCY -Me 

FIG.  14.02-5  POWER  COUPLING  AND  AXIAL  RATIO  OF  A  PAIR 
OF  SLOTS  HAVING  LARGE  COUPLING  FACTORS 
The  slot  dimensions  are  shown  in  the  column  at  the 
far  right  in  Table  14.02-2 


847 


A  single-cavity  Y-band  wave¬ 
guide  directional  filter  of  the 
type  in  Fig.  14.02-6  is  photographed 
in  assembled  and  disassembled  form 
in  Fig.  14.02-7.  In  this  filter  the 
cylindrical  cavity  (which  was  made 
of  brass)  wns  split  along  its  mid¬ 
plane— a  position  of  minimum  longi¬ 
tudinal  wall  current — so  that  the 
unloaded  Q  of  the  cavity  was  not 
appreciably  degraded  by  the  joint. 
The  two  halves  of  the  experimental 
filter  were  held  together  by  a 
C-clsmp;  however,  they  could  also 
be  easily  soldered  together.  The  capacitive  tuning  screws  shown  in  the 
picture  were  adjusted  so  that  the  two  specially  orthogonal  TE|j  modes 
that  can  exist  in  the  cavity  resonated  at  the  same  frequency.  The  neces¬ 
sity  for  this  tuning  procedure  can  be  made  plausible  if  one  remembers 
that  the  circularly  polarised  mode  induced  in  the  cavity  can  be  resolved 
into  specially  orthogonal  TE, ,  modes  excited  in  time  quadrature. 


FIG.  14.02-6  SINGLE  CAVITY  WAVEGUIDE 
DIRECTIONAL  FILTER 


In  this  filter  the  terminating  guides  have  inside  dimensions 
a  «  0.900  inch  and  b  *  0.400  inch  while  the  coupling  apertures  have  a 
thickness  t  *  0.020  inch.  The  cavity  diameter  D  ■  1.114  inch,  the  coupling 
hole  diameters  d  ■  0.414  inch  and  the  cavity  height  h  *  0.716  inch.  The 
axis  of  the  cylindrical  cavities  was  offset  a  distance  x  ■  0.207  inch  from 
the  sidewall  of  the  rectangular  waveguides.  The  measured  performance  of 
this  single  cavity  waveguide  directional  filter  is  shown  in  Fig.  14.02-8. 
The  measured  loaded  Q,  Q'L,  of  this  cavity  loaded  at  both  ends  was  249  and 
the  midband  attenuation  (L^)0  -  0.72  db  or  *  1.19.  Using  the 

relation 


q: 


FZ7t 

77“ 


2 


(14.02-3) 


which  applies  for  single-cavity  directional  filters  as  well  as  single¬ 
cavity  two-port  filters,  we  find  that  the  external  Q,  Q',  of  the  cavity 
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FIG.  14.02-7  VIEWS  OF  THE  SINGLE-CAVITY  WAVEGUIDE  DIRECTIONAL  FILTER 
ASSEMBLED  AND  DISASSEMBLED 


f 


FIG.  14.02-8  EXPERIMENTAL  RESULTS  FOR  THE 
SINGLE-CAVITY  WAVEGUIDE 
DIRECTIONAL  FILTER 


loaded  at  both  enda  is  271.  Therefore,  the  external  Q,  Qt,  of  the  cavity 
loaded  at  one  end  as  given  in  Table  14.02-1  is  542.  Again  using  the 
relation  that 


(14.02-4) 


the  unloaded  Q,  Q§ ,  of  the  cavity  is  3030.  This  vslue  would  be  approxi¬ 
mately  doubled  if  the  cavity  had  been  made  of  copper  or  if  it  were  silver- 
plated  . 
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The  value  of  the  coupling  factor  (c01  )5  computed  from  the  measured 
value  Qt  =  ( ^  *  S42 .  using  Kq.  (5)  in  Table  14.02-1,  is  (c#1)J  *0.0195, 
or  “17.1  db.  Using  (Vul  *  0.414  inch  and  solving  for  (c01)J  using  Eqs.  (13) 
and  (8)  of  Table  14.02-1  gives  (c0[)2  *  “16.6  db,  which  is  in  unexpectedly 
good  agreement  with  the  value  obtained  from  (Qt),  considering  that  the  hole 
is  quite  large  and  is  close  to  the  side  wall.  Technically,  both  a  large- 
aperture  correction  and  a  thickness  correction  as  in  Kq.  (14)  of 
Table  14.02-1  should  also  be  applied,  but  these  corrections  are  very  rough 
approximations  and  are  in  this  case  made  to  be  quite  uncertain  due  to  the 
close  proximity  of  the  side  wall.  In  such  cases,  experimental  checking 
of  the  apertures  is  desirable.  (This  was  done  in  the  case  of  this  design 
by  experimentally  determining  (J  ■  ) 

A  two-cavity  waveguide  directional  tiller  of  the  type  illustrated  in 
fig.  14.02-9  wus  also  constructed  by  modifying  the  si ng 1 e- ca v i ly  filter 
described  above.  Ibe  modification  was  accomplished  by  inserting  a  length 
of  cylindrical  guide  contain¬ 
ing  a  coupling  iris  at  its 
midplane,  between  the  two 
halves  of  the  original  filter. 

The  diameter  if(  2  of  the  cen¬ 
tral  iris  in  this  filter  wus 
progressively  enlarged  to  ob¬ 
tain  first  an  unde rc.oup  1  ed 
response,  then  a  critically 
coupled  response  and  finally 
an  overcoupled  response.  The 
measured  response  of  these 
filters  when  critically 
coupled,  and  overcouplcd  is 
shown  in  figs.  It. 02- 10(a)  und 
14.02-10(b),  respectively.  A 
tabular  summary  of  the  filter  dimensions  and  performance  is  presented  in 
Table  14.02-3. 

The  experimentally  determined  central - i ri a  diameter,  </12  =  0.190  ineh, 
for  critical  coupling  agreed  reasonably  well  with  the  *  0,178  inch 

vulue  computed  using  the  formulus  in  I'ablt*  14.02-1  and  the  correction  in 
Kq.  (5.10-6).  The  measured  inidhand  attenuation  (A/.^ )  Q  due  to  dissipation 
in  the  two-cavity  directional  filter  also  agreed  well  with  that  calculated 
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FIG.  14.02-9  A  TWO-CAVITY  WAVEGUIDE 
DIRECTIONAL  FILTER 
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FREQUENCY  —  kilt 
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FIG.  14.02- 10(a)  MEASURED  PERFORMANCE  OF  A 
CRITICALLY  COUPLED  TWO- 
CAVITY  WAVEGUIDE  DIRECTIONAL 
FILTER 


from  Eq.  (4.13-11).  For  example,  consider  the  critically  coupled  or 
maxiaially  flat  caae  having  the  low-pass  prototype  elements  g#  ■  1, 
g|  ■  gj  *  1,414,  g}  *  1,  and  3-db  point  cuj  *  1 ,  w  *  0.00317,  and  the 
measured  unloaded  Q,  Qh  *  3030,  as  determined  from  measurements  on  the 
single-cavity  filter,  then  the  dissipation  factor  (Sec.  4.13)  is 
d  ■  d>j/*Q,  *  0.0104.  Equation  (4.13-11)  yields  a  value  of  (A /<4)#  ■ 
1.28  db  as  compared  with  the  measured  midband  loss  of  1.25  db.  Nearly 
all  of  this  loss  was  due  to  dissipation  since  the  midband  VSWR  was 
very  low. 


Four  tuning  -.crews  were  used  in  each  of  the  cavities  for  tuning 
purposes.  The  technique  used  to  adjust  these  tuning  screws  is  described 


t 
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FIG.  14.02- 10(b)  MEASURED  PERFORMANCE  OF  A 
SLIGHTLY  OYER-COUPLED  TWO- 
CAVITY  WAVEGUIDE  DIRECTIONAL 
FILTER 


below.  Tuning  of  waveguide  single-cavity  directional  filters  can  be 
accomplished  in  a  straightforward  manner.  The  proper  procedure  is  to 
place  matched  detectors  at  Port  4  and  Port  2,  a  matched  load  at  Port  3 
and  a  generator  at  Port  l.  Then  one  adjusts  the  four  equally  spaced 
tuning  screws  for  maximum  signal  at  Port  4  and  minimum  signal  at  Port  2. 

In  multiple-cavity  filters  this  simple  technique  is  difficult  to 
apply  and  it  ia  better  to  use  another  technique.  One  such  technique  con¬ 
sists  of  tuning  each  cavity  separately  using  the  apparatus  illustrated  in 
Kig.  14.02-11.  In  this  apparatus  a  linearly  polarised  signal  is  fed  into 
the  cylindrical  cavity  through  a  rectangular-  to  cylindrical-waveguide 
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Table  14.02-3 


DIMENSIONS  AND  SUMMARY  OF  THE  MEASURED  PERFORMANCE 
OF  A  TWO-CAVITY  WAVEGUIDE  DIRECTIONAL  FILTER 


UNDER- 

COUPLED 

CRITICALLY 

COUPLED* 

OVER-  . 
COUPLED' 

Raaonant  frequency,  /fl 

977  5  Me 

9774  Me 

9774  Me 

Fractional  3  4b  bandwidth 

0.00256 

0.00317 

0.00338 

Iaaertion  lots  (at  fg)t 

0. 90  db 

1.25  db 

0. 95  db 

VSWH  at  /0 

-- 

1.10 

1.04 

Maximum  VSWR  (off  reaonance) 

-- 

1.14 

1.17 

Diameter  of  central  iria 

0.179  in. 

0.190  in. 

0.196  in. 

Thiclineas  1^  of  central  iria 

0.025  in. 

0.025  in. 

0.025  in. 

Diameter  *  dJ3  of  end  iriaea 

0.414  in. 

0.414  in. 

0.414  in. 

Ibickneaa  (^  ■  of  end  iriaea 

0.023  in. 

0.023  in. 

0.023  in. 

Inaide  diameter  of  each  cavity,  D 

1.114  in. 

1.114  in. 

1.114  in. 

Height  of  each  cavity,  A 

0.770  in. 

0.770  in. 

0.770  in.- 

Diap lac ament  of  cylindrical  guide 
axia  from  aide  wall  of  the 
rectangular  guide 

0.207  in. 

3.207  in. 

0.207  in. 

Height  of  rectangular  guide 

0.400  in. 

0.400  in. 

0.400  in. 

Width  of  rectangular  guide 

0.900  in. 

0.900  in. 

0.900  in. 

Shown  i>  Fig.  14.02-10(a ) 

*  Shown  ia  Fi|.  14.02-10(0) 

*  TO.  iaa  14*  awrf . .  thw  ctiitio  were  HtkiHl  krua.  8y 

polia)ii|  and  plating  the  ianido  awrfacoa  it  ia  boliwvod  tilt 
■iiiaii  inaartiaa  losaaa  at  0.5  4i  canid  aaaily  ba  ektaiaad. 
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FIG.  14.02-11  SCHEMATIC  DIAGRAM  OF  SETUP 
FOR  PRETUNING  CAVITIES  OF 
THE  TWO-CAVITY  DIRECTIONAL 
FILTER 
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transition,  past  a  rotating  joint.  A  resistance  card  within  the  transi¬ 
tion  serves  the  purpose  of  damping  out  any  cross-polarized  wave  that 
might  be  reflected  from  the  cavity.  When  the  electric  field  in  the 
exciting  guide  is  oriented  as  shown,  the  two  tuning  screws  parallel  to 
the  electric  field  are  adjusted  for  maximum  signal  iu  the  detector. 

Next  the  exciting  guide  ia  rotated  by  90  degrees  and  the  other  pair  of 
screws  is  adjusted  for  maximum  signal  in  the  detector.  Since  the  pairs 
of  tuning  screws  do  not  furnish  completely  independent  adjustment,  this 
process  is  repeated  until  the  signal  at  the  detector  is  independent  of 
the  polarization  orientation  of  the  exciting  wave.  The  measured  perform¬ 
ance  shown  in  Fig.  14.02-10  was  obtained  by  pretuning  the  cavitiea  in 
this  fashion,  and  without  further  adjustment  of  the  assembled  filter. 

Another  technique  for  tuning  a  multicaviiy  filter  of  this  sort  is 
to  use  the  setup  in  Fig.  14.02-11  to  feed  a  linearly  polarized  signal 
through  all  the  cavities  simultaneously.  In  this  case  a  slotted  line  is 
inserted  in  the  rectangular  guide  at  the  top  and  the  cavities  may  be 
tuned  for  each  of  the  two  orthogonal  linear  polarizations  by  observing 
the  quarter-wavelength  shift  of  the  voltage  minimum  in  the  input  wave¬ 
guide  as  successive  cavi¬ 
ties  are  brought  to  reso¬ 
nance.  This  procedure  is 
the  same  as  that  described 
in  Sec.  11.05  for  tuning 
direct-coupled  cavity  fil¬ 
ters.  Alternatively,  if 
one  has  a  sweep  signal 
source  available,  it  may 
be  possible  to  tune  the 
cavities  by  simply  maxi¬ 
mizing  the  signal  at  tlxr 
detector  in  the  rectangu¬ 
lar  waveguide  for  the  two 
orthogonal  linear  polari¬ 
zations. 

The  technique  for 

measuring  the  coupling  and  axial  ratio  of  the  wavs  excited  by  the  large 
apertures  of  Fig.  14.02-4  is  illustrated  in  Fig.  14.02-12.  The  power 
coupling  factor  c*  is  equal  to  the  sum  of  the  power  received  by  the 


FIG.  14.02-12  SCHEMATIC  DIAGRAM  OF  SETUP  FOR 
MEASURING  THE  PERFORMANCE  OF 
APERTURES  HAVING  LARGE 
COUPLING  FACTORS 
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detector  in  the  position  shown  end  thet  received  when  it  is  rotated 
90  degrees,  divided  by  the  svsilsble  power  fro*  the  generetor.  The 
sxiel  retio  is  the  squsre  root  of  the  rstio  of  the  maximum  to  the  minimum 
power  received  by  the  detector  as  it  is  rotated. 

SEC.  14.03,  STHIP  TRANSMISSION  LINE  DIRECTIONAL  FILTERS 
USING  HALF-  OR  FULL- WAVELENGTH  STH1PS 

A  form  of  strip-transmission-line  directional  filter  that  has  proved 
to  be  very  useful  is  illustrated  in  Fig  14.03-1  together  with  pertinent 
design  information.  It  might  seem  that  the  resonators  in  this  type  of 
filter  could  be  cascaded  as  shown  in  Fig.  14.03-2  to  obtain  a  directional 
filter  having  a  multiple  resonator  response,  but  this  is  not  the  case.1 


BAND  MSS  RESPONSE 
PORT  1-4 


2*.w-*w0CZ0  RADIANS 
if,-  tw-  *yTw0ci0  raoians 


FIG.  14.03-1  DESIGN  INFORMATION  FOR  HALF-WAVELENGTH-STRIP 
AND  ONE-WAVELENGTH-STRIP  DIRECTIONAL  FILTERS 
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Therefore,  thie  type  of  directional  filter  ia  auitable  to  uae  only  when 
a  single  reaonator  bsnd-pass  frequency  reaponae  ia  desired  between  Port  1 
and  Port  4. 
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The  action  of  the  filters  in  Fig.  14.03-1  can  be  understood  by 
invoking  the  principle  of  auperpoaition.  Excitation  of  Port  1  with  a 
wave  of  amplitude  V  ia  equivalent  to  excitation  of  Port  1  and  Port  4  at 
the  reference  planes  Tl  and  Tt  with  waves  both  of  amplitude  +F/2  (even¬ 
mode  case),  and  excitation  of  Porta  1 
and  4  at  the  same  reference  planes 
with  waves  of  amplitude  +F/2  and  ~V/2, 
respectively  (odd-modc  case).  Even¬ 
mode  excitation  of  Porta  1  and  4  at 
the  center  frequency  causes  only  the 
right-hand  strip  to  resonate,  which 
reflects  waves  having  amplitude  +  V/2 
at  Port  1  and  Port  4.  On  the  other 
hand,  odd-mode  excitation  causes  only 
the  left-hand  strip  to  resonate,  re¬ 
flecting  waves  having  amplitude  ~V/2 
at  Port  1  and  +  F/2  at  Port  4.  There¬ 
fore,  at  the  resonant  frequency  of  the 
strips  the  amplitude  of  the  reflected 
wave  at  Port  4  is  V  while  that  at 
Port  1  is  aero.  Or,  in  other  words, 
at  the  center  frequency  a  signal  inci¬ 
dent  on  Port  1  is  ideally  completely  transferred  to  Port  4.  At  frequen¬ 
cies  off  resonance  a  signal  incident  at  Port  1  passes  through  unattenu¬ 
ated  to  Port  2. 


FIG.  14.03-2 
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EXAMPLE  OF  A 
MULTI-RESONATOR 
STRUCTURE  THAT 
DOES  NOT  HAVE 
DIRECTIONAL  FILTER 
PROPERTIES 


The  reason  multiple-atrip-resonator  structures  of  the  type  shown  in 
Fig.  14.03-2  cannot  be  used  as  directional  filters  can  also  be  qualita¬ 
tively  understood  by  applying  the  principle  of  superposition.  It  can  be 
seen  that  when  either  odd-mode  waves  or  even-mode  waves  are  incident  on 
Ports  1  and  4,  some  of  the  resonators  in  both  the  left-  and  right-hand 
string  of  resonators  will  be  excited.  Therefore,  the  necessary  destruc¬ 
tive  interference  between  the  even-  and  odd-mode  reflected  waves  at 
Port  1  and  the  necessary  constructive  interference  between  even-  and  odd¬ 
mode  reflected  waves  at  Port  4  is  not  obtained  and  directional  filter 
action  does  not  result.  On  the  other  hsnd,  Wanselow  and  Tuttle’  have 
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reported  thet  Marginal  directional-filter  performance  ia  obtained  using 
Multiple- reaonator  structures  of  the  type  shown  in  Fig.  14.03-2.  The 
explanation  of  this  apparent  paradox  appears  to  be  that  ianaelow  and 
Tuttle  placed  a  short-circuit  at  Port  3,  presumably  at  reference  plane 
T'j,  thus  reducing  it  to  a  three-port  device.  Under  these  conditions 
when  a  signal  ia  incident  at  Port  1  the  right-hand  chain  of  resonators 
would  reflect  a  relatively  high  shunt  inpedence  at  Port  1  while  the  short- 
circuit  at  reference  plane  Ts  would  reflect  a  shunt  open-circuit  at 
reference  plane  Ti.  Therefore,  the  transmission  characteristic  between 
Port  1  and  Port  4  roughly  approximates  that  of  the  multi-resonator  chain 
at  the  left  of  the  structure  in  Fig.  14.03-2. 

The  dimensions  of  the  TEM  lines  haying  the  characteristic  impedances 
Z  and  Zt  shown  in  Fig.  14.03-1  can  be  determined  from  Figs.  5.04-1  or 
5.04-2.  The  gap  spacing  at  the  ends  of  the  resonators  necessary  to 
realise  the  coupling  capacitances  C  tan  be  determined  approximately  from 
Fig.  5.05-9  by  making  use  of  the  relation  that  C  is  approximately  equal 

to  AC  times  the  width  of  the  reso¬ 
nator  strip. 

In  order  to  tune  the  two 
resonators  in  the  directional 
filter  to  the  same  frequency, 
copper  tuning  screws  or  dielectric 
tuning  slugs  of  the  types  shown  in 
cross  section  in  Fig.  14.03-3  may 
be  employed.  For  maximum  effective¬ 
ness  these  tuners  should  be  used 
near  either  end  of  a  resonator 
where  the  electric  field  ia  high. 

In  addition,  if  copper  tuning 
screws  are  used  they  should  be 
inserted  symmetrically  from  either 
ground  plane  so  that  the  parallel 
plate  TEM  mode  is  not  excited. 

The  measured  response  of  a 
typical  strip-line  directional 
filtex  of  this  type  is  shown  in 
Fig.  14.03-4. 
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FIG.  14.03-3  METHODS  OF  TUNING  A 

STRIP-LINE  DIRECTIONAL 
FILTER 


ISI 


f— Me 
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npciM.d  ia  IRS  Tmtu.  PGMTT  («•«  Ref.  1  by 
S.  B.  Cob.  aad  F.  S.  Co.1.) 


FIG.  14.03-4  RESPONSE  OF  STRIP-LINE  HALF- 
WAVELENGTH-RESONATOR 
DIRECTIONAL  FILTER 

SEC.  14.04,  THAVELING- WAVE- LOOP  I11HECTI0NAL  FILTEH 

A  type  of  •trip-transmission- line  directional  filter  that  can  be 
made  with  multiple  reaonators  to  obtain  increased  off-channel  rejection 
is  illustrated  in  Fig.  14.04-1.  The  rcsonatora  in  this  directional 
filter  are  traveling-wave  loops  whose  mean  circumference  is  a  multiple 
of  360  degrees  at  the  midband  frequency.  Coupling  between  the  loops  is 
obtained  by  the  use  of  quarter-wavelength  directional  couplers  of  the 
type  described  in  Chapter  13.  At  the  midbend  frequency  a  signal  incident 
on  Port  1  excites  clockwise  traveling  waves  in  each  of  the  loops.  The 
traveling  wave  in  the  nth  loop  excitea  a  signal  at  Port  4.  At  frequencies 
well  removed  from  the  resonant  frequency  of  the  loops  a  signal  incident  on 
Port  1  ia  transferred  to  Port  2. 

The  design  chart  in  Table  14.04-1  summarizes  the  design  of  traveling- 
wave-loop  filters  from  low-pass  prototypes  so  as  to  give  a  desired  band¬ 
pass  response  between  Porta  1  and  4.  The  voltage  coupling  factors  c<  (+j 
•re  the  midband  voltage  couplings  of  the  strip-line  directional  couplers 
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ALL  NON-PANALLEL -COUPLED  LINE  SECTIONS 
AM  OF  CNANACTEAISTIC  IMPEDANCE  I, 

PANALLEL-COUPLEO  NEOIONS  ANC 
CHANACTENIZEO  ST  OOO-  AND  EVEN -MOM 
IMPEDANCE*  (Zoo)  AND  IZ0.!, 
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FIG.  14.04-1  A  TRAVELING-WAVELOOP  DIRECTIONAL 
FILTER  HAVING  n  RESONATORS 


■s  defined  in  Eq.  (13.02-2),  while  the  coupling  coefficients  are 

the  resonator  coupling  coefficients  in  Fig.  8.02-3.  It  would  also  be 
possible  to  build  this  type  of  truveling-wave- loop  directional  filter  in 
waveguide  form.  In  this  case  the  design  parameters  in  Table  14.04-1  must 
be  modified  by  inclusion  of  the  factor  C A.^ 0 / ) 2  in  exactly  the  same 
fashion  as  is  done  in  Table  14.02-1- 

The  layout  of  two,  single-loop,  directional  filters,  one  of  which  is 
tuned  to  1024  Me  and  the  other  of  which  is  tuned  to  1083  Me,  is  shown  in 
Fig-  14.04-2.  The  measured  performance  of  the  device  is  shown  in 
Fig-  14.04-3.  The  filter  having  a  center  frequency  of  1024  Me  was  de¬ 
signed  to  have  a  3  db  bandwidth  of  8.2  Me  «*  250  and  (c#1)J  •  f  c j  2 ) a  “ 
0.0251]  while  the  other  filter  was  designed  to  have  a  3  db  bandwidth  of 
6.9  Me  [<?,  »  314  and  (c#l)J  »  ( ct  2  ) 2  *  0.020). 

The  length  of  the  ring  resonators  ulong  the  coupled  transmission 
lines  waa  made  to  be  a  quarter  wavelength  measured  in  the  dielectric  at 
the  midband  frequency  in  each  case.  1'he  length  of  each  of  the  other  two 
aides  of  the  resonator  plus  the  equivalent  length  of  the  two  matched, 
mitered  corners,  waa  also  made  approximately  a  quarter  wavelength, 
measured  in  the  dielectric  at  midband.  Data  on  the  equivalent  length  of 
matched  mitered  corners  is  presented  in  Fig.  5.07-4,  although  the  design 
under  discussion  was  made  before  these  data  were  available. 
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Table  14.04-1 


DESIGN  EQUATIONS  FOR  TRAVELING  WAVE-LOOP  DIRECTIONAL 
FILTERS  AS  SHOWN  IN  FIG.  14.04- 1 


Hit  parameter.  gy,  gj.  ....  |B+1  are  aa  defined  in  Sec.  4.04, 

and  to'.,  to, ,  to,  ,  and  u,  are  aa  defined  in  Fig.  14.02-2. 

1  0  12 


MJ 


t'A 


Mi*1! 

■ 


external  Q 


(1) 


k 


i.i+l 


i*l  to  a-1 


coupling 

coefficient 


(2) 


where 


<V. ),  *  -  ext.rn.1V 


"2  ~  ‘j 


and  o>. 


X13 


01 


I.  »+l 


a  vk 


i=l  to  *-1 


ci»,«+l 


(3) 


(4) 

(5) 

(6) 

(7) 


where  the  ci  |+1  are  voltage  coupling  fectora,  and  a  ia  the 
nueber  of  full  wavelength,  in  the  reaonator  loopa  at  reaonance. 


The  odd-  and  even-mode  impedance,  of  the  directional-coupler 
aectiona  are 


4+1 


=  /, 


i *0  to  ft 


'F  1  *  '<,.♦! 


. '  *•/! 


(8) 

(9) 


The  directional-coupler  aectiona  are  a  quarter-wavelength 
long  at  aij. 

A  auggeated  low-paaa  to  band-paaa  napping  (Sec.  8.04)  ia 


(10) 
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A-  >»r~4«T 


FIG.  14.04-2  LAYOUT  OF  A  DUAL  LOOP  DIRECTIONAL  FILTER  CIRCUIT 


SOURCE:  Final  Rapori,  Contract  DA  36-039  SC-6461I.S,  SRI; 

rapnntad  in  IKK  Tram.  PGUTT  (ace  Raf.  2  by 
F.  S.  Coala) 


FIG.  14.04-3  MEASURED  RESPONSE  OF  DUAL-LOOP 
DIRECTIONAL  FILTER  CIRCUIT 
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The  region  of  each  loop  that  is  coupled  to  the  terminating  lines  is 
designed  according  to  the  formulas  in  Chapter  13  as  a  matched,  50-ohm 
directional  coupler  having  the  coupling  specified  above.  The  necessary 
even-  and  odd-mode  impedances  Za>  and  Zaa  are  determined  from 
Eqs.  (13.02-5)  and  (13.02-6)  or  Eqs.  (8)  and  (9)  of  Table  14.04-1.  The 
widths  of  the  strips  necessary  to  realize  these  impedances  are  determined 
from  Fig.  5.05-3  in  the  case  of  typical  printed-circuit  construction. 

The  width  of  the  strips  forming  the  remainder  of  the  loops  is  a  value 
appropriate  for  a  50-ohm  transmission  line  as  determined  from  Fig.  5.04-1 
or  5.04-2.  Thus  theoretically,  a  50-ohm  impedance  level  is  preserved 
throughout  the  complete  circumference  ol  the  loop. 

In  practice,  it  is  found  to  be  difficult  to  design  the  loops  accu¬ 
rately  enough  so  that  there  are  no  reflections  on  the  loops  and  some  sort 
of  tuning  is  required  if  a  single  t ravel i ng- wave  is  to  be  established  on 
each  loop.  Even,  a  quite  small  discontinuity  in  any  loop  will  generate 
a  wave  of  substantial  magnitude  traveling  in  a  direction  opposite  to  that 
of  the  desired  wave  since  it  is  repeatedly  excited  by  the  wave  traveling 
in  the  desired  direction.  One  method  of  tuning  the  loops  that  has  been 
found  to  be  appropriate  when  large  quantities  of  directional  filters  are 
required  consists  of  empirically  adjusting  the  width  of  the  loops  and  the 
width  of  the  corners  on  a  prototype  model,  and  then  mass-producing  this 
design.  Another  effective  technique  for  tuning  each  loop  is  to  use  four 
pairs  of  tuning  screws,  of  the  type  shown  in  Fig.  14.03-3(a),  placed  at 
quarter-wavelength  intervals  around  the  perimeter  as  shown  in  fig.  14.04-4. 


*\  '  —  -J3 


FIG.  14.04-4  SKETCH  ILLUSTRATING  THE 

PLACEMENT  OF  TUNING  SCREWS 
IN  A  TRAVELING-WAVE-LOOP 
DIRECTIONAL  FILTER 
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In  practice  it  has  been  found  that,  fcr  the  filters  shown  in  Fig.  14.04-2, 
size  4-40  screws  can  be  used  to  tune  the  loops  over  p 'ff-percent  frequency  band. 

Proper  adjustment  of  the  tuning  screws  for  a  single- resonator  traveling- 
wave-loop  directional  filter  can  be  accomplished  by  observing  the  response 
of  matched  detec  tors  at  Port  2  and  Port  4  when  a  matched  load  is  placed  at 
Port  3  and  a  signal  source  is  placed  at  Port  1.  If  a  sweeping  signal  source 
is  available  to  feed  Port  1  this  same  procedui  e can  be  used  to  tune  two-  and 
three- resonator  t ravel i ng- wu ve - loop  directional  filters 

SEC .  14.05,  THAVELINli- WAVE  HIN(i  IIESONATOH 

The  traveling-wave  ring  resonator  of  the  type  i 1 1  us t ra ted  i  n  Fig .  14.05-1 
which  is  closely  related  to  the  l ra ve 1 i ng- wa ve  loop  directional  filters  has 
found  wide  acceptance  as  u  passive  power  multiplyLng  device,  for  use  in 
testing  components  that  must  carry  high  power.  This  device  which  is  usually 
constructed  in  waveguide  cun  lie  thought  of  as  being  formed  by  removing  the 
output  coupler  from  a  single-loop  waveguide  directional  iiller.  The 
t rave  1  i ng-wave  ring  is  usually  .several  wavelengths  long  to  allow  the  inser¬ 
tion  of  test  pieces  within  the  ring.  Ily  adjusting  the  variable  phase  shifter 
and  variable  impedance  matching  t ra ns  forme r  shown  in  Fig.  14.05-1  a  pure 
traveling  wave  can  be  excited  in  the  ring  even  though  the  component  under 
test  is  slightly  mi  sma  tclied . 

COMPONENT  VARIABLE  IMPEDANCE 


»•  iiH-iro 


SOIJRCK;  IRE  /run*  PGM  TV  Uee  Ref.  4  by  K.  Tomiyaeu) 

FIG.  14.05-1  A  RESONANT  RING  CIRCUIT 
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Moat  of  the  power  delivered  by  the  generator  i s  used  to  set  up  a  high* 
amplitude  traveling  wave  withia  the  ring  and  only  a  small  amount  of  it  is 
delivered  to  the  load.  The  expression  for  the  multiplication  or  power 
gain,  of  the  wave  within  the  loop  is  given  by 


where 


Power  Gain 


✓  1 


(14.05-1) 


c  =  voltage  coupling  factor  of  the  directional  coupler 
a  <=  one-way  attenuation  around  the  ring  measured  in  db. 


Equation  (14.05-1)  has  been  plotted  in  two  different  ways  in  Figs.  14.05-2(a), 
(b)  to  faci 1 itate  the  determination  of  the  power  gain  in  the  traveling-wave 


SOURCE:  IRE  Tram.  PCHTT  (•••  Ref.  4  by  K.  Tomiy.su) 

FIG.  14.05-2(o)  RESONANT  RING  CHARACTERISTICS  WITH  POWER  GAIN  AS  A  PARAMETER 
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SOUHGR:  IKE  Trans  HCMTT  (•««  H.f.  4  by  K.  Tomivuu) 


FIG.  14.05- 2(b)  RESONANT  RING  POWER  GAIN  WITH  COUPLING 
FACTOR  IN  db  AS  A  PARAMETER 


.ring.  It  is  seen  that  substantial  power  gains  can  be  obtained  even  for 
relatively  larger  values  of  the  one-way  ring  attenuation,  a. 

SEC  14.06,  DERIVATION  OF  FORMULAS  FUR  WAVEGUIDE 
DIRECTIONAL  FILTERS 

The  detailed  performance  of  the  waveguide  directional  filters  de¬ 
scribed  in  Sec.  14.02,  the  t ravel ing-wuve  loop  directional  filters 
described  in  Sec.  14.04,  and  the  t r a ve 1 i ng - wa ve  ring  resonator  can  be 
most  easily  understood  by  considering  the  behavior  of  the  multiply- 
reflected  waves  within  the  resonators.  1'his  section  presents  such  an 
analysis  for  the  waveguide  directional  filter.  Consider  first  the  single¬ 
cavity  waveguide  directional  filter  of  the  type  shown  in  F'ig.  14.02-6  and 
assume  that  the  following  conditions  are  satisfied: 

(1)  The  coupling  apertures  excite  a  pure  circularly  polarized 
TE| j  wave  in  the  circular  waveguide  and  introduce  no  re¬ 
flection  in  the  rectangular  waveguide. 

(2)  The  cavity  is  perfectly  symmetrical  about  its  axis,  so 
that  the  two  orthogonal  linearly  polarized  inodes  in  the 
cavity  resonate  at  the  same  frequency. 
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(3)  Each  port  of  the  filter  is  terminated  in  its  character¬ 
istic  impedance. 

The  reference  plane,  P,  ia  chosen  to  be  perpendicular  to  the  axes 
of  the  rectangular  waveguides  at  the  center  points  of  the  coupling  aper¬ 
tures.  With  a  wave  of  unit  amplitude  incident  on  Port  1,  the  amplitudes 
in  the  four  ports  of  the  filter  at  the  instant  just  after  the  wave  coupled 
into  the  cavity  has  been  reflected  for  the  first  time  by  the  upper  end 
wall  are  as  follows: 


Port  1  £,  »  1  Port  3  E} 

Port  2  Ej  -v'l  -  c |  Port  4  £4 


(14.06-1) 


,  “a.  k -  j 6 


where  (c#1)2,  which  will  be  replaced  here  by  cj,  is  the  power  coupling 
factor  (as  defined  in  Table  14.02-1)  of  the  lower  aperture,  and  c j  «  (c^)1 
is  that  of  the  upper  aperture,  h  is  the  axial  height  of  the  cavity,  (X  is 
the  attenuation  constant  in  nepers  per  unit  length  in  the  circular  wave¬ 
guide,  and  0  is  the  electrical  lengLh  in  radians  of  the  cavity  plus  the 
phase  shifts  introduced  by  the  apertures. 


In  the  neighborhood  of  resonance,  and  in  the  case  of  narrow  bandwidth, 


ti 


where 


(14.06-2) 


A.'0  is  the  value  of  V  at  resonance,  and 

p  is  the  number  of  half-wave  field  variations  along 
the  axis  of  the  cavity. 

Because  of  multiple  reflections  between  the  end  walls  of  the  cavity,  the 
ateady-state  wave  amplitude  in  Port  4  is  composed  of  an  infinite  summation 
of  components,  as  follows: 

£4  -  ♦  c,c2(l  -  c2)*(l  -  c*)»p*e-»‘-‘*>®»  ♦  ... 


+  c,c2  (l 


e-(*s-i )(«»+/») 


+  .  .  . 


(14.06-3) 
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where  pft  is  the  factor  by  which  the  reflected  wave  amplitude  at  an  end 
wall  is  reduced  because  of  dissipation  loss  on  that  wall.  pQ  is  approxi¬ 
mately  equal  to  the  magnitude  of  the  voltage  reflection  coefficient  of 
the  end  wall  in  the  absence  of  the  aperture.  Therefore, 


2.  ~  2, 

«.  + 

+  zo 

«.  +  J*.  + 

(14. 06-4) 


where 

Zf  is  the  surface  impedance  of  the  end  wall  in  ohms 
per  square, 

Rt  is  the  surface  resistivity  of  the  end  wall  in  ohms 
per  square,  and 

Z#  •  3 7 7 A ' /A  is  the  wave  impedance  of  the  circular 

waveguiSe  in  ohms  per  square. 

Since  R  <<  ZQ,  p0  may  lie  approximated  by 

'•  *  l'^;  '  (14  06-5> 


The  amplitude  EA  may  be  expressed  in  closed  form,  as  follows: 

c,c2e 


*4 


1  -  (1  -  c*)K(l  - 


(14.06-6) 


In  a  similar  manner,  a  formula  for  fc’2  may  be  obtained: 


t2  -  (1  -  c*)X  -  c*(l  - 


“  c*(l  "  c|)  (1  -  c’)V0«*4<a‘*'” 

-  C*(l  -  C«)*/*(l  -  c2)/j5e-4(°av;9» 


(l  -  C* )«  - 


C  |  (  1  -  c»)*/y-»a»*>g) 

1  -  (1  -  c*)«(l  -  cpV.e-* 


(14.06-7) 


or 


*t 


(1  -  cj)*  -  (1  -  C;)Vt  -  e »p,(p,  -  !)].-»<«*♦>*> 

1  -  (1  "  «?)«(!  >  e*)V,«-,,a*+/,) 


(14.06-8) 


At  resonance  0  •  (P  ~  l)w,  so  that 

*-*'  “♦'*>  -  «■*“*  (14.06-9) 


Also,  in  the  usual  esse  of  light  coupling,  e* P%(P%  ~  D  <<<  p\ ■  Therefore, 
the  condition  for  e  perfect  null  on  Port  2  at  resonance  is 


,4 a*  (1  “  C J ) 

7T  ‘  -  •?) 


(14.06-10) 


In  the  usual  design  problea  cavity  losses  are  sufficiently  low  that 
c*  and  cj  deterained  froa  Eq.  (14.06-9)  will  be  alaoat  equal.  In  that 
case  if  one  ashes  the  couplings  equal,  a  deep,  although  iaperfect,  re¬ 
jection  on  Port  2  will  generally  be  obtained.  A  foraula  for  the  loaded 

Q,  Q£,  of  the  cavity  loaded  at  both  ends,  will  now  be  derived  for 

,1  .  ,1  ,  ,! 

C|  ■  C|  *  c  . 

Q'l  is  defined  as  /*/2(/#  “  /,)  where  /,  ia  the  frequency  at  which 
the  tranaaitted  power  has  fallen  to  one  half  of  the  value  it  has  at  the  center  fre¬ 
quency,  /,.  It  is  necessary,  therefore,  to  find  the  angle  0,  correspond¬ 
ing  to  the  frequency  /, .  The  first  step  ia  to  fora 


This  yields 


i* i  ~i°  i 


1 1  —  ( 1  —  c*  )p*9  «"*“*  (cos  20,  -  j  sin  20,)  |* 


(14.06-11) 


ll  -  (1  -  «*)/>*.-*•*]* 

cos  20.  -  1  - (14.06-12) 

2(1  - 
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At  resonance,  ti  ■  ##  *  ( p  -  1 )rr  and  therefore,  in  the  caae  of  narrow 
bandwidth,  coa  20,  nay  be  replaced  by  coa  2(80),,  where  (80),  •  0#  -  0, 
and  hence 


Thua 


[2{S6')I  ]* 

coa  261,  -  1  -  -  +  ....  (14,06-13) 

1  2 


1  -  (1  -  c2)^28* 

2(1  -c*)\e-ak 


(14.06-14) 


Next  a  relationship  between  (80),  and  (8/),  *  fe  ~  /,  ia  needed.  With 
the  aid  of  the  well-known  formula  for  guide  wavelength  in  teraia  of  fre¬ 
quency,  we  obtain 

~pvk‘  bk'  &f  /k‘ 

80  ■ - —  bk‘  =  -pv  — -  *  pv  — ( — )  .  (14: 06- IS) 

(a;)*  *  \ 

Now  we  make  uae  of  the  definition  of  Q‘L  given  above  to  obtain 


prt(l  -  c*)V0e‘8fc 

1  -  (l  "  c*)pje"2“* 


(14.06-16) 


This  is  the  complete  doubly  loaded  Q  of  the  csvity  including  the  effects 
of  internal  losses  and  external  loading.  If  internal  losses  are  negligible 
compared  to  external  loading,  ()^  becomes  equal  to  the  doubly  loaded  external 
Q,  Q‘t  as  follows 


q; 


(14.06-17) 


However,  in  most  caaea  one  can  replace  the  numerator  factor  (1  -  c  )n  by 
unity.  If  C|  and  c,  are  slightly  unequal,  the  formulas  for  Q  will  hold 
sufficiently  closely  with  c2  *  c,Cj.  The  external  Q,  Qt,  of  the  end 
resonator  of  a  multiple  cavity  directional  filter  which  is  externally 
loaded  at  only  one  end  as  defined  in  Table  14.02-1  is  2 Q' . 
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Sine*  ij  ■  1,  the  relative  power  traaaaitted  out  of  Port  4  at  reeo- 
nance  ia  aiaply  |t|*  >  f|  with  b  ■  0.  Therefore 


-lak 


[1  -  (1  -  e*)H(l  -  c*)V,e‘,aM* 


(14.06-18) 


or,  if  Cj  *  Cj  ■  c, 


c4,-la* 


[1  -  (1  -  c*)plr">V 


(14.06-19) 


The  attenuation  in  db  ia  10  logj #  ( 1 /  1 1 ) * ) ,  or 


La  ■  20  log,# 


l  -  (1  -  c*)p*e-*“* 


cle-ak 


db  .  (14.06-20) 


If  Eq.  (14.06-17)  ia  coabined  with  Eqa.  (14.06-14)  and  (14.06-15)  we 
obtain  Q'  *  <?^/(P0|t|).  However,  p#  ia  of  the  order  of  0.9999,  end  hence 
we  aay  relate  the  external  Q  and  coaplete  loaded  Q  by  the  following 
aiaple  expreaaion: 

Q'l 

<?;  -  J7J  (14.06-21) 

It  aay  alao  be  ahown  that,  in  the  caae  of  high  Q  and  narrow  bandwidth, 
the  above  equationa  reduce  to  the  following  relationahip  between  Q j,  Q' , 
end  the  unloaded  Q,  Qm,  of  the  cavity: 


1 


Ql 


(14.06-22) 


Thia  ia  the  aaae  well-known  expreaaion  that  appliea  to  a  aiaple  two-port 
filter  conaiating  of  a  aingle  reaonator.  The  foraula  for  unloaded  Q  in 
teraa  of  the  waveguide-cavity  parametera  ia 
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1 


(14.06-23) 


The  value  of  the  power  coupling  factor*  (e#1)*  and  ( c w  >tl)*  for  the 
end  apertures  in  Fig.  14.02*1  in  terns  of  the  low-pass  prototype  elements 
are  obtained  by  combining  Eq.  (14.06-17)  with  either  Eq.  (6)  or  Eq.  (7) 
in  Fig.  8.02-3,  using  the  approximation  /I  -  (c#l),/c*  ■  (1/c*)  -  1/2 • 


For  multiple-resonator  directional  filter*  the  values  c4  j+t  for  the 
internal  apertures  in  Fig.  14.02-1  in  terns  of  the  low-paas  prototype 
eleaents  are  obtained  by  using  the  relation 


ei, 


2 


’  i .  »  ♦  l 


(14.06-24) 


in  conjunction  with  Eq*.  (2)  and  (4)  in  Fig.  8.06-1.  The  coefficient  of 
coupling  fcii+1  ie  then  obtained  by  the  use  of  Eq.  (8)  in  Fig.  8.02-3. 

SEC.  14.07,  DERIVATION  OF  FORMULAS  FOR  TRAVELING-WAVE  LOOP 
DIRECTIONAL  FILTERS  AND  THE  TRAVELING- WAVE 
RING  RESONATOR 

An  analysis  similar  to  that  presented  in  Sec.  14.06  can  be  carried 
through  for  traveling-wave  loop  directional  filters.  Hy  particularising 
the  analysis  the  power  gaili  for  the  traveling-wave  ring  resonator  can 
also  be  obtained.  This  analysis  is  restricted  to  the  case  of  TEM-node 
propagstion  on  the  loop,  although  the  results  can  be  modified  to  apply 
to  the  case  where  the  loop  is  a  dispersive  transmission  line  as  explai-ned 
below  and  in  Sec.  14.04- 

It  is  further  assumed  in  this  analysis  that:  (1)  sll  transmission 
lines  have  the  same  characteristic  impedance,  ZA,  (2)  all  directional 
couplers  are  designed  to  be  perfectly  matched  if  terminated  in  Z k,  and 
they  have  infinite  directivity,  and  (3)  no  points  of  reflection  exist  in 
the  loop  and  therefore  a  pure  traveling  wave  exists.  .A  schematic  diagram 
of  the  filter  is  given  in  Fig.  14.07-1.  The  phases  of  the  voltages  shown 
at  the  terminals  of  the  directional  couplers  ere,  for  convenience,  re¬ 
ferred  to  the  midplanes  of  the  directional  couplers.  The  amplitudes 


172 


I 


shown,  however,  apply  et  the  terminals 
of  the  couplers.  The  totel  length  of 
the  loop  et  reeonence,  including  the 
lengths  of  the  coupling  regions,  is 
1  •  n\#,  where  n  is  en  integer  end 
is  the  plene-weve  wavelength  at  the 
resonant  frequency.  In  Fig.  14.07-1 
it  is  aeen  that  the  following  voltages 
are  excited  during  the  first  traversal 
of  the  loop  by  the  traveling  wave. 

For  simplicity,  we  will  again  replace 

C0I  by  cl  ,nd  cll  by  e*: 
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FIG.  14.07-1  SCHEMATIC  DIAGRAM 
OF  TRAVELING-WAVE- 
LOOP  DIRECTIONAL 
FILTER 
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•  c,(l  -  c*)V°'  Z+90  (14.07-6) 


where  ct  and  ct  are  the  voltage  coupling  factors  of  the  directional 
couplers,  and  a  is  the  attenuation  in  nepers  per  unit  length  of  the  loop 
transnisaion  line. 

For  the  nth  traversal  of  the  loop,  the  voltages  nay  be  written  in 
teraia  of  Em  as  follows: 

JT2  -  (1  -  c*)*  -  Z0  (14.07-7) 

Es  ■  0  (14.07-8) 
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where 
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Letting  a  -  *  and  sunning  this  expression  in  closed  forn,  we  obtain 


c,(l-c*)V-* 


**  1  (1  -  c\)*(  1  ~  c*)Va‘ 
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The  condition  for  perfect  rejection  between  Ports  1  and  2  may  be 
obtained  by  setting  £,  ■  0.  which  yields 
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For  perfect  rejection,  Eq.  (14.07-13)  requires  c,  <  r,  if  a  ?  0. 

The  doubly  loaded  Q  of  the  filter  may  be  calculated  assuming  c, 
c 2  «  c.  At  resonance  the  output  voltage  is 
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At  s  different  frequency  which  corresponds  to  sn  electrical  length 
around  the  loop  equal  to  2nm  +  0,  the  output  voltage  is 
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Defining  ■  /i/2(/a  ~  f  t)  ■  w/tf, ,  where  /,  end  0,  gre  values  at  th 
half-power  point,  we  have  froa  Eqs.  (14.07-14)  and  (14.07-15), 
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Taking  absolute  aagnitudea  of  each  aide  and  amplifying,  we  any  solve 
for  dj  in  teraa  of  c  and  a!: 
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If  8X  is  saell,  we  aay  replace  coa  0,  by  1  -  d\/ 2  which  yields 
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The  doubly  loaded  Q  of  this  filter*  is 
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an(l  -  c*)^e  1 
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It  should  be  noted  that  this  expression  gives  the  true  loaded  Q  of  the 
resonator  as  it  would  be  aeasured,  and  takes  account  of  the  external 
loading  due  to  both  couplers  coabined  with  the  losaea  in  the  tranaaisaion 
line  of  the  loop. 

The  attenuation  at  resonance  is  given  by  20  logJ#  an<*  •*nce 

I,  •  1  we  have 
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ky  (A  A)*  akara  A  ia  *ka  fai4a  aaaaiaagtk  aaS  A  ia  tka  fraa-apaea  aa?alaa|tk. 
leaatfaa  <14.07-1*)  far  attaaaatiaa  applia.  aitkaat  aka.,,  t.  tka  . . . 
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Equations  (14.07-19)  and  (14.07-20)  were  derived  attuning  equal 
characteristic  inpedancea  of  the  trananiaaion  lines  and  aaauiting  c  to 
be  the  voltage  coupling,  but  they  apply  correctly  to  unequal  inpedancea 
of  the  ring  and  input  and  output  Porta  if  c*  ia  defined  aa  the  power 
coupling  factor  of  the  directional  couplers. 

The  design  equations  in  Table  14.04-1  are  derived  fron  the  above 
analyaia  in  exactly  the  sane  nanner  aa  the  design  equations  in 
Table  14.02-1  for  the  waveguide  directional  filter  were  derived  fron  the 
analysis  in  Sec.  14.06. 

The  traveling-wave  ring  resonator  power  gain  is  numerically  equal  to 
lE^j*  *l>cn  c j  *  0-  The  value  of  power  gain  given  in  Eq.  (14.05-1)  is 
obtained  when  Hq  (14.07-10)  is  evaluated  for  this  condition. 

SEC.  14.08,  DERIVATION  OK  FORMULAS  FOR  STRIP-TRANSMISSION- 
LINE  DIRECTIONAL  FILTERS  USING  HALF- WAVELENGTH 
AND  ONE -WAVELENGTH  STRIPS 

The  atrip  transmission  line  directional  filters  using  hal f -wavelength 
and  one-wavelength  strips  are  most  easily  analyzed  by  considering  the  even- 
and  odd-mode  excitation  of  Ports  1  and  4  as  described  in  Sec.  14.03.  The 
present  analysis  will  assume  that  the  electrical  spacing  between  resonators 
ia  constant  over  the  paaa  band  of  the  filter,  which  is  essentially  correct 
for  the  usual  narrow-band  directional  filters. 

Referring  to  Fig.  14.03-1,  when  ail  even  mode  wave  is  incident  on 
Ports  1  and  4  at  the  reference  planes  T,  and  T4  shown  in  the  figure,  the 
wave  will  pass  by  the  left-hand  resonator  but  will  be  reflected  at  refer¬ 
ence  planes  Tt  and  Tf,  since  it  excites  only  the  right-hand  strip  in  a 
resonant  mode.  Similarly,  when  an  odd  mode  wave  is  incident  on  Ports  1 
and  4,  it  will  be  reflected  at  reference  planes  T,  and  Tt ,  since  it  excites 
only  the  left-hand  strip  in  a  reaonant  mode.  The  voltage  reflection  coef¬ 
ficient  r  in  each  case  at  the  appropriate  reference  planes  will  be  the 
same  and  can  be  written  as 
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In  thin  equation  Z  ia  the  characteriatic  impedance  of  the  Bain  tranaaieaion 
iines  and  X  is  the  shunt  reactance  introduced  by  a  half-wavelength  atrip 
reaonator  with  ita  Midpoint  grounded,  or  a  full-wavelength  reaonator  with 
ita  aidpoint  open-circuited.  The  shunt  reactance  presented  by  the  half¬ 
wavelength  strip  is 


X  *  -  +  Za  tan  0  (14.08-2) 

uC 

where  C  is  the  capacitance  of  the  gap  at  either  end  of  the  half-wavelength 
strip  and  20  is  ita  electrical  length.  The  shunt  reactance  presented  by 
the  one-wavelength  atrip  ia 
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Xf  *  "  —  ~  Z.  cot  0,  (14.08-3) 
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where  Cj  ia  the  capacitance  at  either  end  of  the  one-wavelength  strip  and 
2 4>f  ia  ita  electrical  length.  In  order  that  the  hal f-wavelength  and  the 
one-wavelength  resonators  have  the  sane  frequency  response  it  is  neceaaary 
that  Xj  •  X  over  the  pass  band:  or  stated  another  way,  the  reactance  slope 
paraneter  x  nust  be  the  sane  for  the  two  resonators.  Since  <pf  *  2<p  it  can 
be  shown  that  this  condition  obtains  when  Cf  3  ^2  C. 

Because  the  even-  and  odd-mode  reflected  waves  add  at  Port  4,  and 
cancel  at  Port  1,  the  attenuation  LA,  between  Port  1  and  Port  4,  can  be 
written  either  as 
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using  the  parameters  for  the  half-wavelength  strip  or  as 
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using  the  parameters  for  the  one-wavelength  strip.  Equation  (14.08-4) 
shows  that  the  electrical  length  <Pt  of  the  hal f-wavelength  atrip  at  nidband 
ia  given  by 
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Similarly,  the  electrical  length  of  the  one-wavelength  atrip  at  mid- 
band  ia  given  by 

cot  <p0/  =  -  -  (14.08-7) 

✓  2oj CZ# 

The  bandwidth  of  either  directional  filter  will  now  be  computed  using  the 
paraaietera  of  the  half-wavelength  atrip.  Inspection  of  Eq.  (14.08-4) 
shows  that  the  attenuation  increases  to  3  db  when 
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Kor  narrow  bandwidth  and  infinite  unlouded  Q ,  the  doubly  loaded  external 
Q,  Q't  ia  deteraiined  from  Eq .  (14.08-5),  using  Taylor  series  expansion 
techniques  similar  to  those  used  in  deriving  Kqs.  (14.06-17)  and  (14.07-19), 
to  be 
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CHAPTER  15 

HIGfl-POVEft  FILTERS 

SEC.  15.01,  INTRODUCTION  AND  GENERAL  CONSIDERATIONS 

High-power  microwave  radar  transmitters  radiate  an  appreciable  aaiount 
of  apurioua  output  power— that  in,  frequency  components  other  than  the 
carrier  frequency  and  the  normal  aideband  modulation  componenta.  *’**  At  the 
outputs  of  these  tranamittera  it  is  necessary  to  use  high-power  filters, 
that  will  pass  the  carrier  frequency  and  normal  modulation  components  but 
will  suppress  ..the  apurioua  emissions,  and  thus  keep  them  from  causing 
interference  in  neighboring  equipments. 

Another  application  of  high-power  filters  is  to  systems  in  which  two 
(or  more)  transmitters  operating  at  different  frequencies  are  required  to 
be  connected  to  a  single  antenna.  Thia  ia  analogous  to  the  more  common 
diplexing  (or  multiplexing)  with  several  receivers  connected  to  a  single 
antenna,  with  the  additional  requirement  of  high  power-handling  capacity 
(either  high  pulse  power,  or  high  average  power,  or  both). 

Thia  section  presents  the  design  considerations  for  high-power  filtera 
and  illustrates  the  manner  in  which  various  typea  of  filters  can  be  uti¬ 
lised  to  achieve  specified  objectives.  Later  sections  in  the  chapter 
present  more  detailed  information  on  the  most  common  typea  of  high-power 
filtera. 

Transmitter  Spurioui  Emissions— Common  types  of  high-power  microwave 
tranamittera  in  use  at  the  present  time  are  the  magnetron  oscillator,  the 
klystron  smplifier  and  the  trsveling-wave-tube  amplifier.  Each  of  these 
tubes  produces  an  appreciable  amount  of  power  at  frequencies  which  are 
harmonica  of  the  fundamental  frequency.  In  addition,  the  magnetron  often 
emits  so-called  moding  frequencies  near  the  carrier  frequency  as  is  illua- 
trated  in  Fig.  15.01-1,  which  are  produced  when  the  magnetron  oscillates 
weakly  in  modes  other  than  the  desired  mode.  Figure  15.01-1  shows  that 
the  spurious  harmonic  power  from  the  magnetron  decreases  as  the  harmonic 
frequency  increases  but  that  the  power  at  even  harmonics  tends  to  be  lower 
than  that  from  adjacent  odd  harmonics.  The  spurious  harmonic  power  from 
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SOURCE]  PImI  Report,  Contract  AF  3<H602M670,  General  Electric  Company 
(See  Ref.  11  by  G.  Novick  and  V.  G.  Price) 


FIG.  15.01-1  TYPICAL  FREQUENCY  SPECTRUM  OF  S IGNALS  GENERATED 
BY  A  MAGNETRON  OSCILLATOR 

Note:  Fin*  structure  representing  the  cress  modulotion  product  (or 
each  of  the  above  lines  is  not  shown. 


klystron  and  traveling-wave  tube  amplifiers  usually  decreases  monotonies  1 ly 
as  the  order  of  the  harmonic  increases.  The  harmonic  power  output  from  a 
klystron  transmitter  is  shown  in  Fig.  15.01-2.  These  particular  data®  were 
taken  on  a  CW  klystron  amplifier,  but  appear  to  be  representative  of  pulsed 
tubes  also.  Here  the  klystron  was  first  set  up  without  regard  to  harmonic 
output  (as  it  would  be  normally)  and  the  harmonic  output  was  measured 
(Lines  A,  Fig.  15.01-2).  Then  various  electrode  voltages  were  adjusted  and 
the  drive  power  reduced  by  3  db  to  minimize  the  second  harmonic,  without 
changing  the  fundamental  power  output,  and  the  harmonic  output  was  measured 
again  (Lines  B,  Fig.  15.01-2).  There  is  a  considerable  improvement  (at 
least  13  db,  and  up  to  24  db),  showing  that  much  "  filtering*'  can  be  per¬ 
formed  by  appropriate  adjustments  on  the  transmitter  alone. 

The  relative  harmonic  power  levels  from  a  high-power  traveling-wave 
tube  may  be  as  much  as  20  db  greater  than  those  from  a  klystron.  Several 
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SOURCEi  Fiaal  Report,  Cootracl  AF  3 0(603 >-3391, SRI 

(See  Ref.  30  by  L.  Young,  E.  G-  Crletal,  E.  Sharp 
and  J.  F.  Cliaa) 


FIG.  15.01-2  FREQUENCY  SPECTRUM  OF  A  KLYSTRON  AMPLIFIER 
OUTPUT;  (A)  AND  (B)  BEFORE  AND  AFTER  TUBE 
ADJUSTMENT  TO  MINIMIZE  HARMONIC  OUTPUT 
WITH  CONSTANT  FUNDAMENTAL  OUTPUT 
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other  typea  of  apurioua  emissions  f row  high-power  tubea  can  occur  and 
they  have  been  summarised  by  Tomiyasu.11 

Filter*  for  Suppressing  the  Spurious  Emissions— Filtera  for  thia 
purpose  ahould  ideally  have  a  low- attenuation  paaa  band  juat  wide  enough 
to  pass  the  carrier  frequency  and  its  modulation  componenta,  and  they 
should  have  a  stop  band  that  extends  upward  over  many  octaves  to  suppress 
the  harmonic  frequencies.  Furthermore,  it  is  always  desirable  and  often 
mandatory  to  preclude  the  possibility  of  having  resonances  at  the  spurious 
frequencies  occur  in  the  transmission  line  between  the  high-power  source 
and  the  filter.  The  prevention  of  such  resonances  is  important  if  break¬ 
down  problems  are  to  be  minimised  and  optimum  operation  of  the  tube  is  to 
be  assured.  It  is  usually  impossible  to  obtain  all  these  characteristics 
simultaneously  with  a  single  filter,  and  therefore  various  combinations  of 
filters  and  auxiliary  structures  of  the  type  described  below  are  required. 

Figure  15.01-3  is  a  schematic  diagram  of  the  most  common  filter  com¬ 
binations  for  high-power  applications.  Filter  combination  (a)  utilises 
two  reflective  band-pass  filters  and  two  3-db  hybrids.  In  the  pass  band, 
power  is  transferred  unattenuated  from  input  to  output.  However  in  the 
stop  band,  power  is  reflected  from  the  filters.  Over  the  operating  fre¬ 
quency  band  of  the  hybrids,  most  of  this  reflected  power  is  dissipated  in 
the  load  on  the  left  and  a  good  match  is  presented  to  the  transmitter. 

(The  termination  at  the  upper  right  would  ideally  receive  no  power;  it  is 
included  to  absorb  any  stray  power  due  to  mismatch  of  the  output  load, 
etc.)  At  frequencies  outside  the  operating  band  of  the  hybrids,  an  appre¬ 
ciable  mismatch  may  exist  at  the  transmitter. 

Filter  combination  (b)  uses  a  reflective  low-pass  filter,  a  3-db 
hybrid  and  resistively  terminated  tapered  waveguides  which  function  as 
high-pass  filters.8  The  pas3  band  of  this  combination  occurs  when  the 
low-pass  filter  is  operating  in  its  pass  band  and  the  high-pass  filters 
are  operating  in  their  stop  band  and  reflect  all  the  power  incident  on 
them.  As  frequency  is  increased,  the  attenuation  of  the  combination  in¬ 
creases  because  the  high-pass  filters  begin  to  propagate  and  most  of  the 
power  incident  on  them  is  dissipated  in  the  matched  loads.  However,  not 
all  of  the  unwanted  power  is  so  absorbed,  since  some  modes  which  propagate 
in  the  regular  waveguide  will  be  cutoff  in  the  tapered  guides.  Any  re¬ 
flected  power  in  the  stop  band  is  also  attenuated  by  the  low-pass  filter. 

A  relatively  good  match  is  obtained  over  the  operating  band  of  the  3-db 
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hybrid*,  even  though  outside  their  operating  band  an  appreciable  mismatch 
may  exist.  Branch-guide  directional  couplers  of  the  type  described  in 
Chapter  13  are  quite  suitable  for  use  in  the  circuits  shown  in 
Fig.  15.01.3(a)  and  15 . 01 - 3< b ) ,  aa  aro  ahort-slot  hybrids9  in  which  the 
coupling  aperture  is  in  the  side  wall. 

The  filter  combination  in  Fig.  15.01-3(c)  employs  a  non-reciprocal 
broadband  high-power  isolator9  in  conjunction  with  a  reflective  band-pass 
filter.  The  bandwidth  of  the  isolator  would  be  ideelly  much  greater  than 
the  pass-band  width  of  the  reflective  filter.  Thus,  a  good  match  would 
be  presented  to  the  transmitter  over  the  operating  bandwidth  of  the 
isolator.  The  operating  bandwidth  of  presently  available  isolators  ia 
not  great  enough  for  applications  where  higher  harmonics  must  be  absorbed, 
although  isolators  can  be  used  to  absorb  the  spurious  emissions  near  the 
fundamental  frequency. 

The  filter  combination  in  Fig.  15.01-3(d)  cascades  a  low-pass  re¬ 
flective  filter  and  a  low-pass  dissipative  filter  (i.e.,  a  filter  that 
attenuates  by  absorbing  power  incident  upon  it  and  which  is  typically 
quite  well  matched  both  in  its  pass  band  and  in  its  stop  band).  In  the 
pass  band,  both  of  these  filters  have  low  attenuation.  The  dissipative 
filter  will  typically  have  relatively  high  attenuation  at  the  second  and 
third  harmonic  frequencies  and  less  attenuation  at  the  lower  frequencies. 

If  the  reflective  filter  is  of  the  waffle-iron  type  described  in  Sec.  15-05, 
its  high-attenuation  stop  band  may  extend  from  the  second  harmonic  up 
through  the  tenth  harmonic  of  the  fundamental  frequency.  In  this  case, 
the  combination  shown  would  be  designed  so  that  the  waffle-iron  filter 
provides  most  of  the  attenuation  and  the  dissipative  filter  acts  primarily 
aa  a  pad,  thus  presenting  a  good  match  to  the  tranamitter  at  the  harmonic 
frequencies.  For  applications  where  large  attenuation  at  harmonics  above 
the  third  is  not  required,  the  reflective  filter  shown  in  Fig.  15.01-3(d) 
may  be  omitted  and  the  length  of  the  dissipative  filter  may  be  increased 
to  provide  the  necessary  attenuation  at  the  second  and  third  harmonic 
frequencies. 

The  filter  combination  in  Fig.  15.01-3(e)  replace*  the  low-pass  dissi¬ 
pative  filter  in  Fig.  15. 01  —  3(d)  by  a  coupler  which,  in  the  fundamental 
band,  is  directional  with  0-db  coupling,  and  whose  geometry  is  such  that 
power  at  the  second  harmonic  and  higher  frequencies  goes  mostly  straight 
through  into  the  dummy  load,  instead  of  to  the  reflective  filter  at  the 
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output.  Transvar  couplers,  branch-guide  couplers®'*5  (Chapter  13),  and 
aide-wall  and  top-wall  ahort-slot  hybrids  have  been  tried  in  the  circuit 
of  Fig.  15.01-3(e).  Branch-guide  couplers  have  the  advantage  that 
filtera  can  be  built  into  the  branches  to  iaiprove  the  separation  between 
the  fundamental  and  the  harmonic  frequencies.  Experiments  indicate  that 
two  3-db  side-wall  short-slot  couplers  cascaded  to  form  a  0-db  coupler 
give  relatively  good  performance  in  the  circuit  in  Fig.  15.01-3(e),  be¬ 
sides  being  conpact  and  relatively  inexpensive. 23 

A  dissipative  filter  may  also  be  placed  between  the  transmitter  and 
the  filler  combinations  in  Figs.  15.01-3(a)  and  15.01-3(b)  to  improve  the 
match  presented  to  the  transmitter  at  frequencies  outside  the  operating 
bund  of  the  hybrids. 

Placement  of  Filter —A  filter  to  suppress  harmonic  frequencies 
should  be  placed  near  the  output  of  the  system  past  the  last  nonlinear 
circuit  element.  For  instance  there  is  some  evidence  that  TR-switchea 
generate  substantial  amounts  of  harmonics,  so  that  it  is  preferable  to 
put  the  spurious- frequency-suppression  filter  between  the  duplexcr  and 
the  antenna,  rather  than  immediately  after  the  transmitter  and  before  the 
duplexer. 

SEC.  15.  02,  POWER- HANDLING  CAPACITY  OF  VARIOUS 
TRANSMISSION- LINES 

The  power-handling  capacity  of  transmission  lines  propagating  pulsed 
signals  having  short  duration  (less  than  about  5  microseconds)  and  having 
a  low  average  power  level,  but  a  high  pulse. power  level,  is  usually 
limited  by  breakdown  due  to  ionization  of  the  gas  that  fills  the  guide. 
Under  these  conditions  there  is  no  appreciable  heating  of  the  waveguide. 

The  voltage  gradient  at  which  such  a  breakdown  occurs  in  air  is  approxi¬ 
mately  2*1  kv/cm  per  atmosphere  when  the  distance  between  electrodes 
is  much  greater  than  the  oscillation  distance  of  free  electrons,  which  in 
turn  is  much  greater  than  the  mean  free  path  of  the  electrons.  These  con¬ 
ditions  are  satisfied  for  the  common  air-filled  waveguides  and  coaxial 
lines  operating  over  the  frequency  range  from  1  to  100  Gc  and  at  pressures 
from  0.1  to  10  atmospheres.  The  breakdown  which  occurs  under  these  cir¬ 
cumstances  is  an  e lectrode- less  discharge,  since  most  of  the  free  electrons 
execute  many  cycles  of  oscillation  before  reaching  an  electrode.  Gould*6 
and  others*7  have  made  extensive  studies  of  gaseous  breakdown  phenomena  and 
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the  interested  reader  should  consult  their  publications  for  more  detailed 
information.  Hart,  «t  «!.,*•** have  also  measured  the  pulse-power  capacity 
of  a  variety  of  waveguide  components. 

The  other  condition  that  in  necessary  for  the  initiation  of  discharge 
is  the  presence  of  a  free  electron.  Such  an  electron  will  always  be  sup¬ 
plied  eventually  by  cosmic  ray  bombardment  or  natural  radioactivity. 

However,  it  is  usually  found  expedient  when  making  voltage  breakdown 
measurements  to  supply  electrons  from  a  radioactive  source  such  as 
cobalt-60.  Such  a  source  might  typically  have  a  strength  of  100  milli- 
curies  (i.e.,  emit  3.7  x  10*  electrons  per  second). 

A  minimum  value  of  the  breakdown  field  strength  occurs  at  a  pressure 
where  the  radio  frequency  is  equal  to  the  gas  collision  frequency.  For 
air  at  microwave  frequencies,  this  pressure  varies  linearly  from  a  pressure 
of  approximately  1  mm  of  mercury  at  1  Gc  to  approximately  10  mm  of  mercury 
at  10  Gc .  At  lower  pressures,  the  breakdown  field  strength  increases 
rapidly.  At  pressures  on  the  order  of  10-6  mm  of  mercury,  corresponding 
to  a  good  vacuum,  breakdown  is  no  longer  due  to  ionization  of  the  remaining 
gas  molecules,  but  to  other  mechanisms.  The  exact  mechanism  of  breakdown 
at  high  vacuum  is  not  completely  understood;  however,  it  seems  likely  that 
the  most  important  process  that  occurs  is  field  emission  whereby  electrons 
are  pulled  loose  from  metal  surfaces  by  electric  fields  having  strengths 
of  megavolta  per  cm.a  Such  field  strengths  can  arise  from  minute  irregu¬ 
larities  on  the  surface  even  when  the  average  field  strength  over  the 
surface  is  much  lower.  Thus,  it  is  very  importsnt  in  evacuated*  high-power 
filters  and  transmission  lines  that  the  inside  surfsces  be  quite  smooth. 

For  smooth  surfaces  a  breakdown  dc-field  strength  of  350  kv/cm  is  often 
used  as  a  design  value  in  high  -power  tubes  and  it  seems  that  this  is  a 
reasonable  value  to  use  for  microwave  breakdown  field  atrengths  in  a  high 
vacuum  until  more  data  on  this  subject  become  available. 

Another  phenomenon,  which  under  ordinary  circumstances  will  not  ap¬ 
preciably  reduce  the  power  transmitted  through  sn  evacuated  high-power 
transmission  line  or  filter,  is  cslled  mult ipactor .  This  is  a  resonant 
secondary -emission  phenomenon  which  occurs  when  an  electron  under  the  action 
of  an  electric  field  has  a  transit  time  between  opposite  electrodes  e.qual 
to  one-half  the  period  of  an  RF  cycle.  It  typically  occurs  at  RF  voltages 
of  the  order  of  1000  volts.  This  phenomenon  has  recently  been  utilized  to 
make  TR-switches.* 


Ill 


Figure  15.02-1  gives  the  pulse-power  capacity**  of  s  variety  of 
standard  rectangular  waveguides  over  their  normal  frequency  bands  when 
filled  with  air  at  atmospheric  pressure,  which  can  be  computed  from 
Eq.  (5.06-14)  on  the  assumption  that  the  peak  electric  field  for  break- 
d own  .is  29  kv/cm.  The  various  wsveguides  are  given  their  RETMA  or  EIA 
designation  (which  is  the  width  of  the  waveguide,  to  three  significant 


SOURCF.t  Whaalar  Monograph*  <S«e  Raf.  33  by  H.  A.  Whaalar) 


FIG.  15.02-1  CHART  OF  PULSE-POWER  CAPACITY  OF  WAVEGUIDES 


digits,  measured  in  inches  and  multiplied  by  100).  Also  shown  is  the 
pulse-power  capacity  of  a  44-ohm  coaxial  line  [which  can  be  computed 
from  Eq,  (5.03-7)],  for  the  case  of  a  line  having  a  mean  circumference 
of  one  wavelength  (outer  diameter  of  0.430  wavelength  and  inner  diameter 
of  0.206  wavelength).  This  is  the  coaxial  line  with  maximum  pulse-power 
capacity 14  when  only  the  dominant  TEM  mode  is  to  be  allowed  to  propagate. 
The  highest  line  on  the  chart  is  computed  for  a  hypothetical  parallel- 
strip  waveguide  propagating  a  TEM  mode  having  a  width  and  height  equal 
to  one-half  wavelength.  This  is  the  largest  size  guide  that  will  support 
the  TEM  mode  to  the  exclusion  of  higher  modes. 


The  chart  in  Fig.  15.02-2  (which  looks  like  a  nomogram  but  is  not) 
gives  a  series  of  power - adj ust ing  factors11  for  waveguides  and  coaxial 
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FIG.  15.02-2  CHART  OF  FACTORS  FOR  ADJUSTING  POWER  CAPACITY  ESTIMATES 
Tha  seal*  of  tho  ordinal •*  is  tho  soma  os  that  in  Fig.  15.02-1 
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line*  in  the  frequency  range  of  1-100  Gc.  Theae  factors  are  plotted  on 
the  sane  logarithmic  scale  aa  that  used  in  Fig.  15.02-1.  Therefore,  the 
scale  reading  on  the  chart  of  Fig.  15.02-1  can  be  adjusted  by  the  dis¬ 
tance  from  the  center  on  one  or  more  of  the  scales  in  Fig.  15.02-2,  in  a 
manner  similar  to  multiplication  on  a  alide  rule.  The  reference  condi¬ 
tion  for  each  scale  is  noted  at  the -center.  The  standard  conditions  are 
air  ,  20°C,  one  atmosphere  (zero  altitude),  pure  traveling  wave  (unity 
VSWR  or  0-db  VSWR) ,  straight,  smooth  waveguide  (no  bend,  no  bump). 

As  an  example  of  the  use  of  these  charts,  we  will  determine  the 
amount  of  power  that  can  be  delivered  to  a  load  through  a  WRQO  waveguide 
at  10  Gc  for  a  specified  set  of  conditions.  We  assume  that  the  waveguide 
is  filled  with  air  at  20°C,  and  is  operating  at  5,000  feet  altitude.  A 
VSWK  of  3  rib  exists  on  the  line,  the  factor  of  safety  is  two,  and  all 
other  conditions  are  normal.  From  Fig.  15  02-1,  we  find  that  the  pulse 
power  capacity  of  the  guide  is  1  Mw,  the  power  ratio  for  operation  at 
5,000  feet  is  0.7,  the  power  ratio  for  the  3  db  VSWR  is  0.7  and  the  power 
ratio  for  the  specified  factor  of  safety  is  0.5.  Therefore,  the  pulse- 
power  rapacity  becomes  1  Mw  x  0.7  *  0.7  x  0.5  »  0.25  Mw. 

Cohn*  has  computed  the  static  electric  field  for  two-dimensional 
rounded-corner  geometries.  These  r.esulLs  may  be  applied  to  actual  filter 
structures  with  sufficient  accuracy  for  practical  purposes  if  the  follow¬ 
ing  two  conditions  are  satisfied:  (1)  the  rounded-corner  geometry  of  the 
high-power  filter  may  be  considered  to  be  composed  of  infinite  cylin¬ 
drical  surfaces,  and  (2)  the  essential  portions  of  the  rounded  corners 
are  small  in  terms  of  wavelength  so  that  the  field  distributions  in  these 
regions  approximate  the  static  field  distributions. 

Cohn's  results*  are  presented  in  terms  of  £b(|i/£#,  where  £>tI  is  the 
maximum  electric  field  at  a  rounded  corner  and  £fl  is  the  reference  elec¬ 
tric  field  at  some  position  well  removed  from  the  rounded  corner.  Since 
the  pulse-power  capacity  of  the  filter  is  proportional  to  the  square  of 
the  electric  field,  the  adjusting  factor  for  filters  with  rounded  corners 
is  (£g/£>li(  )* .  Two  tyPes  two-dimensional  curved  boundaries  are  con¬ 
sidered:  (1)  the  optimum  boundary  shape  which  yields  constant  electric 

field  over  the  curved  surface,  and  (2)  an  approximately  circular  cross- 
section  shape  which  would  be  used  in  most  practical  filter  structures.  A 
curve  for  a  three-dimensional  spherical -corner  geometry  will  be  given  in 
Sec.  15.05. 


One  type  of  curved  boundary  that  ariaea  in  high-power  filtera  is 
illustrated  in  Fig.  IS. 02-3;  it  consists  of  an  array  of  180-degree  corners. 
The  shapes  of  these  corners  are  adjusted  for  constant  electric  field 
strength  along  their  curved  portions.  Curves  giving  the  shapes  of  these 
corners  in  more  detail  are  presented  in  Fig.  IS. 02-4.  The  constant 
electric- field  strength  £|ix  along  the  curved  boundaries  turns  out  to  be 
very  simply  related  to  the  uniform  field  E #  well  below  the  array  as  follows: 


(15.02-1) 


On  the  straight  vertical  boundaries  the  electric  field  drops  off  very 
rapid ly . 

Another  type  of  rounded  corner  configuration  often  encountered  is  the 
rounded  corner  near  an  electric  wall.  The  ratio  f°r  this  type  of 

corner  is  shown  in  Fig.  15.02-5  both  for  the  optimum-  or  uni  form- f ie Id- 
strength  corner  and  the  approximately  circular  corner.  Also  shown  is  the 
defining  radius  for  the  uni  form- f ield- strength  corner.  It  is  seen  that 
the  for  the  approximately  circular  boundary  is  not  very  much 

greater  than  for  the  uni  form- f ie Id- at rength  boundary.  Since  the  uniform- 
field- strength  boundary  is  much  harder  to  machine,  the  circular  boundary 
would  probably  be  used  in  most  applications. 

An  abrupt  change  in  height  of  a  waveguide  (case  of  radius  r  ■  0),  or 
in  diameter  of  a  coaxial  line  (cases  of  r  »  0),  has  an  equivalent  circuit 
consisting  simply  of  a  shunt  capacitive  susceptance  at  reference 

planes  corresponding  with  the  step  itself.  Graphical  data  for  such  a 
waveguide  discontinuity  are  given  in  Fig.  5.07-11,  while  the  equivalent 
discontinuity  capacitance  in  a  coaxial  line  is  given  in  Fig.  5.07-2.  A 
rounded  corner  of  the  type  shown  in  Fig.  15.02-5  will  have  the  shunt  sus¬ 
ceptance  of  a  sharp  corner  reduced  by  the  amount AB.  The  value  of  Aft  for 
a  rounded  corner  in  waveguide  is  plotted  in  Fig.  15.02-6.  Thus,  the  total 
susceptance  B  of  the  rounded  corner  is 

B  -  B|  +  AD  .  (15.02-2) 

•  r*0 


Note  thatAfi  is  a  negative  number.  Bounding  the  corner  also  results  in 
an  increaae  in  stored  magnetic  energy.  This  may  be  taken  into  account  by 
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SOURCE  I  IRE  Traits.  HCUTT  (Sm  Ref.  35  by  S.  B.  Cohn) 

FIG.  15.02-3  ARRAYS  OF  ROUNDED  180-DEGREE  CORNERS  SHAPED  FOR  CONSTANT 
ELECTRIC  FIELD 

The  shapes  of  the  curved  surfaces  are  given  in  Fig.  15.02*4 
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FIG.  15.02-5  PLOT  OF  Ein0Jt  E0  FOR  ROUNDED  90-DEGREE  CORNER  NEAR  AN 
ELECTRIC  WALL;  ALSO,  r2  >,  FOR  A  UNIFORM-FIELD-STRENGTH 
BOUNDARY 
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SOURCE!  ME  Tmiu.  PCHTT  <Sm  R«f.  96  by  S.  B.  Cohn) 


FIG.  1 5.02-6  CAPACITIVE  SUSCEPTANCE  CORRECTION  AND  EQUIVALENT 
CIRCUITS  FOR  ROUNDED  STEP  IN  WAVEGUIDE 


adding  a  aeriea- inductive  element  in  the  equivalent  circuit  at  the 
reference  plane  of  the  step,  or  by  a  shift  of  one  of  the  reference 
planes  and  modification  of  B.  Theae  alternative  equivalent  circuits 
are  shown  in  Fig.  15.02-6.  Values  of  AS  shown  are  accurate  for 
r  —  (&|  “  &|)/4,  and  for  A/Z#|  <  0.3,  where  Z#|  ■  1/T#J.  The  final  type 
of  rounded-corner  geometry  considered  is  the  rounded  corner  near  a 
magnetic  wall.  A  graph  giving  the  field  strengths  and  defining  radii 
for  the  uniform  field  strength  boundary  is  given  in  Fig.  15.02-7.  Com¬ 
paring  this  figure  with  Fi«.  15.02-5,  it  is  seen  that  the  field 
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strength*  near  the  magnetic  wail  are  slightly  higher  than  those  near 
the  electric  wall. 

j  The  average  power  rating  of  transmi saion  lines  is  determined  by 

the  permissible  temperature  rise  in  their  walls.  561  57  Curves  giving  the 
average  power  rating  for  copper  waveguide  for  various  conductor  temper- 
\  ature  rises  are  given  in  Fig.  15.02-8.  In  deriving  these  curves,  it  was 

assumed  that  the  heat  is  transferred  from  the  waveguide  only  by  thermal 
convection  and  thermal  radiation,  and  that  the  emissivity  of  the  wave¬ 
guide  walls  is  0.3.  An  additional  assumption  is  that  the  dissipation  of 
power  per  unit  area  in  the  wails  is  uniform  (or  all  walls.  When  the 
amb  ient  temperature  ib  different  from  the  assumed  reference  of  40°C  the 
curves  of  Fig.  15.02-9  can  be  used  to  determine  the  correction  factor  F 
-  for  the  average  power  rating. 


SOUHCEi  IKE  Trout.  PCMTT  (Sn  Ref.  .15  by  S.  B.  Cohn) 


FIG.  15.02-7  PLOT  OF  Emox/Eo  FOR  ROUNDED  90-DEGREE  CORNER  NEAR 
A  MAGNETIC  WALL;  ALSO,  r/r,  FOR  A  UNIFORM-FIELD- 
STRENGTH  BOUNDARY 
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SOURCE!  ME  Trail*.  PCHTT  IS**  R*f.  36  by  H.  E.  Kia(> 


FIG.  15.02-8  THEORETICAL  CURVES  OF  THE  AVERAGE  POWER  RATING  FOR  COPPER 
RECTANGULAR  WAVEGUIDE  OPERATING  IN  THE  TEio  MODE  WITH  UNITY 
VSWR  AT  AN  AMBIENT  TEMPERATURE  OF  40°C,  FOR  VARIOUS  TEMPERATURE 
RISES  (THE  WAVEGUIDES  ARE  LISTED  BY  THEIR  RETMA  DESIGNATION) 
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FIG.  15.02-8  Concluded 
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AMBIENT  TEMPERATURE  —  dtgrss*  csnligrode 
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SOURCEi  IKE  Tram.  PGHTT  (S«.  R.f.  36  hr  H.  E.  Kim) 


FIG.  15.02-9  CORRECTION  FACTOR  CURVE  FOR 
AVERAGE  POWER  RATING  OF 
RECTANGULAR  WAVEGUIDE  FOR 
VARIOUS  AMBIENT  TEMPERATURES 
AND  CONDUCTOR  WALL  TEMPERATURES 


Standing  waves  in  the  waveguide  reduce  the  average  power  rating  of 
wa.veguidea  for  a  given  permissible  temperature  rise  because  they  produce 
local  hot  spots  along  the  wall. 

The  heat  conductivity  of  the  copper  waveguides  is  sufficiently 
great  that  an  appreciable  amount  of  heat  flows  axially  from  these  hot 
spots,  thus  reducing  their  temperature.  The  derating  factor  that  must 
be  applied  to  waveguide  for  various  values  of  VSWR  is  shown  in 
Fig.  15.02-10  and  Fig.  15.02-11  for  both  a  copper  waveguide  and  a  hypo¬ 
thetical  waveguide  in  which  there  is  no  axial  heat  transfer.  The  curves 
in  Fig.  15,02-10  apply  to  the  case  where  the  amount  of  power  delivered 
to  the  load  is  a  constant  while  those  in  Fig.  15.02-11.  apply  when  the 
amount  of  power  incident  on  the  waveguide  is  constant. 
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SOURCE:  IRE  Trans .  PCUTT  (See  Rtf.  36  by  II.  E.  Kit*) 


FIG.  15.02-10  POWER  DERATING  FACTOR  DUE  TO  VSWR  FOR  THE 
CONDITION  THAT  A  CONSTANT  POWER  IS  TO  BE 
DELIVERED  TO  THE  LOAD 


SOURCE:  IRE  Traits.  TCMTT  (Sir  Ref.  3*  by  If.  E.  King) 


FIG.  15.02-11  POWER  DERATING  FACTOR  DUE  TO  VSWR  FOR  THE 
CONDITION  THAT  A  CONSTANT  POWER  IS  INCIDENT 
ON  THE  WAVEGUIDE 
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Directional  Couplers — Directional  couplers  are  shown  in  several  of 
the  circuits  in  Fig.  15.01-3,  Not  much  is  known  about  the  powe r- handl i ng 
capacity  ol‘  short-slot  couplers.  Estimates*  for  the  3-db  side-wall 
coupler  range  from  full  line  power  down  to  one-third  line  power.  The 
3-db  top-wall  coupler  is  less  well-suited  for  handling  high  power  and 
will  break  down  at  about  one-quarter  lull  line  power. 

The  powe r - li and  1 i ng  capacity  of  branch-line  couplers  is  approximately 
independent  of  the  coupling  rutio  and  the  branch  -  to- 1 h rough-gu ide  impedance 
ratios.  In  waveguide  it  is  determined  largely  by  the  radii  of  the  corners 
at  the  '/'-junctions,  and  can  be  estimated  from  Fig.  15.02-5.  The  power- 
handling  capacity  ran  readily  be  made  equal  to  40  percent  of  line  power 
as  in  the  example  in  Sec.  13.14,  and  could  probably  be  increased  to  60  or 
70  percent  by  doubling  the  corner  radius  used  in  that  example. 

SEC.  15.03,  THEORETICAL  Plll.SK- POWER  CAPACITY  OF  DIRECT - 
COHPLEI)  RESONATOR  FILTERS  • 

This  section  will  discuss  the  pulse-power  capacity  of  band-pass 
filters  of  the  type  shown  in  Fig.  15.03-l(a)  having  a  frequency  response 
such  as  the  band-pass  response  in  Fig.  15.03-  1(b)  .  The  design  information 
will  be  presented  primarily  for  narrow-band  filters  in  terms  of  the  ele¬ 
ment  values  gk  of  the  low-puss  prototype  filter  shown  in  Fig.  1 5 . 03-  1(c). 
The  cavities  constituting  the  filter  can  be  fabricated  from  transmission 
lines  having  any  cross-sectional  shape,  and  the  terminating  transmission 
lines  can  have  the  sane,  or  a  different  cross  section. 

The  pulse-power  capacity  is  limited  by  voltage  breakdown  at  the  po¬ 
sitions  of  high  electric  field  within  the  filter.  When  the  usual  inductive 
coupling  apertures  are  used  between  the  cavities,  the  peak  electric  fields 
do  not  occur  in  the  apertures  but  rather  within  the  cavities  themselves  as 
indicated  schematically  in  Fig.  15.03-1 (a). 

Pulse-Power  Capacity  at  Midband  of  Narrow-Hand  Filters  —  Power  han¬ 
dling  may  become  a  severe  problem  in  narrow-band  filters.  Most  narrow- 
band  filter  designs  are  based  on  a  low-pass  prototype  circuit  (Chapter  4), 
and  they  are  usually  well-matched  at  midband.  We  shall  therefore  first 
restrict  ourselves  to  narrow-band  filters  which  arc  reflectionless  at 
midband.  An  exact  general  formula  will  be  given  later  [Eq.  (15.03-4)]. 


Private  cuauaunicat  ion  (roa  H.  J,  Riblet  to  I..  Younf  (July  9,  1962).  (Note  added  in  proof:  A  recent 
Maaureaeni  by  SRI,  in  a  direct  coaipariaon  with  unifora  waveguide,  fives  about  70-percent  of  line 
power  for  the  tide-wall  coupler,  and  about  40-percent  for  the  top-eel  I  coupler.) 
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(a)  WAVEGUIDE  BANO-PASS  FILTER 
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(C)  LOW-PASS  PROTOTYPE  FILTER 


FIG.  15.03-1  WAVEGUIDE  BAND-PASS  FILTER  AND  EQUIVALENT  LOW-PASS  PROTOTYPE 


We  will  define  P  ^  as  the  pulse  power  (i.e.,  the  power  level  during 
a  short  pulse)  that  could  be  transmitted  through  an  n-cavity  filter  at 
the  onset  of  voltage  breakdown  in  Cavity  k.  Then  it  will  be  shown  at 
the  end  of  this  section  (an  independent  proof  is  also  given  in  Ref,  38) 
that  at  the  midband  frequency  /0> 


(15.03-1) 


where  is  the  pulse-power  capacity  of  a  matched  waveguide  having  the 

same  cross  section  as  the  cavity,  (P?4)#  is  P<4  for  /  »  /#,  is  the 

guide  wavelength  in  the  cavity  at  /fl,  is  the  free-space  wavelength  at 
/q,  ■  is  the  length  of  the  cavity  measured  in  half  guide  wavelengths, 
the  fractional  bandwidth  is  »  ■  (a >i  -  u>,  )/aj# ,  and  gk  is  the  corresponding 
element  in  the  equivalent  low-pass  prototype  circuit,  having  element 
values  normalized  to  that  gfl  ■  1.  Because  the  values  of  gk  are  not 
necessarily  the  same  for  each  element  in  the  low-pass  prototype,  the 
pulse-power  capacity  of  the  over-all  filter  is  limited  by  voltage  break¬ 
down  in  the  cavity  associated  with  the  largest  value  of  gk.  When  all  the 
elements  in  the  low-pass  prototype  are  equal,  the  midband  pulse-power 
capacity  of  the  filter  is  maximised  for  a  given  off-channel  selectivity. 
Use  of  the  equal -e 1 ement  low-pass  prototype  also  results  in  approximately 
the  minimum  midband  dissipation  loss  (A b, ) 0 ,  for  given  resonator  Q' s  and 
off-channel  rejection,  as  discussed  in  Sec.  11.07  and  Sec.  6.14. 

Table  15.03-1  gives  formulas  for  the  pulse-power  ratings  P'y  of  some 
common  transmission  lines.  The  midband  pulse-power  ratings  (P(t)4  of  the 
cavity  resonators  constructed  from  them  as  computed  from  Eq.  (15.03-1) 
are  also  presented.  As  is  pointed  out  later  in  this  section,  the  power 
capacity  near  band  edge  is  less  than  that  at  midband.  Table  15.03-1 
gives  all  dimensions  in  centimeters,  frequencies  in  gigacycles  and  powers 
in  megawatts.  The  components  are  assumed  to  be  filled  with  air  at  atmos¬ 
pheric  pressure  so  that  the  peak  voltage  gradient  is  taken  as  29  kv/cm. 
The  factor  A.j/{A[l  “  (A/\J),1}  which  occurs  in  the  right-hand  column  of 
Table  15.03-1  is  a  dimensionless  function  of  the  wavt iength-to-cutof f 
wavelength  ratio,  and  will  generally  lie  between  3  and  4. 

The  midband  pulse-power  capacity  (P^4)#  of  the  air-filled  cavities 
operating  at  atmospheric  pressure  is  also  plotted  for  convenience  in 
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Table  15.03-1 

PULSE -POWER  RATING  OF  SOME  COMMON  TRANSMISSION  LINES  AND 
CAVITY  RESONATORS  CONSTRUCTED  FROM  THEM 
(Baaed  on  a  Peak  Voltage  Gradient  of  29  kv/cm) 


Note:  Diaaaaioaa  and  vavalangtha  ara  in  cm .  a  -  fractional  bandwidth  -  **  a 

Fraquanciaa  /.  and  /f  ara  in  f-igar yr  1  a  a—  -  (  /j  -  /jJ/Zq* 

Pq  and  (P^)q  ara  n  aegaaatta,  ■  ~  auabar  of  hal  f  -  wave  1  ang  t  ha  in  raaonatora. 

/  s  cutoff  fraquancy  of  guida*  §  and  o>!  ara  dafinad  in  Fig.  15.03*1, 

whara  tha  g^  ara  aaauaad  to  ba  noraaliaad 
ao  that  |q  =  1. 


/■',  PUISL- POWER  CAPACITY 
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SOURCE:  Technical  Note  2,  Contract  AF  30(&02)-1998,  SHI  (See  Ref,  38  by  E.  M.  T,  Jonea) 
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Fig.  15,03-2.  In  thia  figure  frequencies  are  in  gigacyclea  and  powers 
in  megawatts.  If  the  cavities  are  filled  with  some  other  gas,  or  are 
operated  at  a  different  pressure  the  power  adjusting  factors  in 
Fig.  15.02-2  may  be  employed  in  conjunct ion- with  Fig.15 .03-2  to  determine 
the  midband  power  capacity  of  the  filter. 

Pul se -Power  Capacity  of  Narrow-Band  Filters  a*  a  Function  of 
Frequency — The  peak  electric  fields  in  the  various  cavities  of  a  band¬ 
pass  filter  vary  with  frequency.  A  particularly  simple  way  to  calculate 
this  variation  in  narrow-band  filters  is  to  make  use  of  the  fact  that  the 
peak  electric  fields  in  the  cavities  are  proportional  to  the  voltages 
across  the  capacitances  and  the  currents  through  the  inductances  in  the 
low-pass  prototype. * 

Figure  IS. 03-3  is  a  plot  of  the  square  of  the  normalized  peak  electric 
fields  in  the  cavities  of  a  three-cavity  filter,  whose  low-pass  prototype 
has  element  values  g#,  gj,  g2,  gj,  and  g^  all  equal  to  unity.  The  curves 
are  plotted  against  the  angular  frequency  variable  o>*  of  the  low-pass 
prototype.  Also  included  for  reference  is  the  insertion- loss  character¬ 
istic  of  the  low-pasa  prototype.  The  analytic  expressions  for  the  square 
of  the  normalized  peak  electric  fields  in  the  t^rec  cavities  are 
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(15.03-2) 


The  transducer  loss  ratio  P,,,jj/P0,t  i*  given  by 


Pa«ail 
Po  a  t 


1  + 


q)',(l  ~  (•>'*)* 

4 


(15.03-3) 


Reference  to  Fig.  15.03-3  shows  that  the  square  of  the  normalized  peak 
electric  field  in  Cavity  2  for  to'  «  1.24  risea  to  2.25  times  the  midband 
value.  .Therefore,  the  pulse-power  capacity  of  this  filter  is  only 
0.445  times  the  midband  value  of  P j  determined  from  Fig.  15.03-2. 
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SOimCEi  Technical  Not*  2,  Contract  AF  30(602  M9VR,  SRI 
(Sae  Ref.  3B  by  E.  M.  T.  Jones) 

FIG.  15,03-2  MIDBAND  PULSE-POWER  CAPACITY  (P,t,)0  OF  AN  n-CAVITY  FILTER 
AT  THE  ONSET  OF  BREAKDOWN  IN  CAVITY  k  (BASED  ON  PEAK 
VOLTAGE  GRADIENT  OF  29  kv  cm) 

See  Tabl*  15.03-1  for  definitions  of  parameters 
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NORMALIZED  PEAK  ELECTRIC  FIELD 
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Technical  Nuic  2,  Contran  Ah’  30(602 VI ‘WB  SRI 
(See  Ref.  3fl  by  K.  M.  T.  Jonea) 


FIG.  15.03-3  THE  SQUARE  OF  THE  PEAK  ELECTRIC  FIELD  AS  A  FUNCTION  OF 
FREQUENCY  IN  A  THREE-CAVITY  FILTER  HAVING  AN  EQUAL- 
ELEMENT  LOW-PASS  PROTOTYPE 


Filters  of  Arbitrary  Bandwidth— It  is  possible  to  determine  exactly 
the  peak  electric  fields  in  transmission* line  resonators  of  band-pass 
filters  having  arbitrary  bandwidth,  both  at  midband  and  at  any  other 
frequency. 40  One  computes  the  internal  voltage  standing-wave  ratios  St 
(Sec.  6.14)  seen  looking  toward  the  load  in  each  cavity.  Then  one  com- 
putea  the  ratio  P^/P  qtt  in  each  cavity  from  the  relation 

/** 

y~  •  St  (15.03-4) 


where  P' t  is  again  the  power  rating  of  a  matched  waveguide  with  the  same 
croas  section  as  cavity  resonator  k.  The  equivalent  power  ratio  (E.P.R.) 
is  defined  as  the  ratio  of  P'  ^  to  the  maximum  incident  (or  available) 
power  which  can  be  handled  without  breakdown, 

P\ 

E.P.R.  ■  ~  (1  "  U>„|2)  -  VI  '  1 2 1  <15.03-5) 


since  the  power,  transmitted  to  the  load,  is  the  incident  power  times 

(1  ”  lp#|*),  P#  being  the  input  reflection  coefficient. 

The  audband  values  of  the  internal  VSWR's  S ^  are  easily  determined 
for  synchronous  filters  as  in  Sec.  6.14,  and  the  same  -S  then  give  the 
pulse-power  handling  capacity  directly  from  Kq.  (15.03-4)  or  (15.03-5). 

Figure  15.03-4  shows  the  equivalent  power  ratio  (E.P.R.)  calculated 
from  Eq.  (15.03-5)  for  a  six-cavity  shunt- inductively-coupled  (or  series- 
capacitive  1  y-coup  led )  filter  (such  as  lliut  in  Fig.  8.06-1)  in  which  the 
transmission  lines  terminating  the  filter  have  the  same  cross  section  as 
the  cavities.  This  filter  was  designed  in  Sec.  9.04  to  have  a  10-percent 
fractional  bandwidth,  measured  on  u  reciprocal  guide  wavelength  basis, 
with  a  0.01-db  attenuation  ripple  in  the  pass  band.  In  this  filter, 

Cavity  1  is  nearest  the  generator  while  Cavity  6  is  nearest  the  loud. 

Connection  with  Group  Delay  and  Dissipation  l.oss — The  universal  delay 
curves,  Figs.  6.15-1  through  6.15  10  may  be  used  to  obtain  an  estimate  of 
the  frequency  variation  of  the  powe r - hand  1  i ng  capacity  of  fillers  satis¬ 
fying  Eq.  (6.09-1),  which  includes  most  filters  up  to  about  20-percent 
bandwidth.  It  is  supposed  that  the  midbund  power  -  hand  1 i ng  capacity  bus 
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equivalent 


SOURCE*  IKE  Tran*.  PCHTT  (Sat  Rtf.  40  by  L.  Yount) 

FIG.  15.03-4  EQUIVALENT  POWER  RATIO  IN  THE  SIX  CAVITIES  OF  THE  FILTER 
DESIGNED  IN  SECTION  9.04  TO  HAVE  A  10  PERCENT  BANDWIDTH 
WITH  0.01-db  PASS-BAND  RIPPLE 

The  cavitits  and  terminating  waveguide*  all  havo  tho  tamo  crott  taction 
and  Cavity  1  it  noarott  tho  gonorator 


first  been  calculated,  aa  from  Eq.  (15.03-1)  or  (15.03-4).  The  equivalent 
power  ratio  is  proportional  to  the  stored  energy,  and  so  is  proportional 
to  the  group  delay,  over  the  pass-band  region  (Sec.  6.15). 

The  dissipation  loss  snd  the  group  delay  both  increase  with  the 
average  increase  in  stored  energy,  so  that  they  are  closely  proportional 
throughout  the  pasa  band.  Thus,  only  the  average  increase  in  stored 
energy  over  the  pass-band  region  may  be  deduced  from  the  universal  curves, 
Figs.  6.15-1  through  6.15-10.  On  the  other  hand,  the  power-handling 
capacity  is  linked  with  the  greatest  increase  in  stored  energy  in  sny 
section  or  resonator.  The  universal  curves  indicate  in  a  general  way  how 
the  equivalent  power  rises  toward  the  band  edges,  snd  the  frequency  at 
which  the  maximum  occurs  (which  is  almost  the  seme  frequency  for  esch 
cavity).  The  cavity  nearest  the  load  does  not  have  a  maximum  near  the 
band  edge  (Figs.  15.03-3  and  15.03-4),  while  the  greatest  increase  in 
equivalent  power  relative  to  midband  occurs  generally  in  the  cavity 
nearest  the  generator.  It  is  probably  safe  to  assume  that  the  ratio  of 
the  maximum- to- the -midband -equival ent-power- ratio  is  never  more  than  twice 
the  ratio  of  the  maximum- to-the-midband-group-delay .  For  example  in 
Fig.  15.03-3  the  equivalent  power  peaks  at  2.25  times  its  value  at  midband 
in  the  second  cavity,  whereas  the  group  delay  rises  by  a  factor  of 
0.6/0.38  *  1.6  (Fig.  6.15-2)  from  its  midband  value  to  its  maximum  value. 

A  similar  comparison  for  the  filter  in  Fig,  15.03-4  with  the  corresponding 
group  delay  curves  (Fig.  III-19,  Ref.  43)  gives  factors  of  4.1  and  2.25. 
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It  seems  reasonable  to  assume  then  that  the  group  delay  curves  Figs.  6.1S-1 
to  6 . IS - 10  can  be  used  to  predict  the  equivalent  power  rise  toward  the 
band-edges,  provided  that  a  safety  factor  is  used  to  allow  for  the  greater 
rise  in  the  cavities  nearer  the  generator;  this  safety  factor  is  probably 
always  leas  than  2.  (Compare  2.25/1.6  *  1,4  and  4.1/2.25  *  1.8  in  the 
above  two  examples. ) 

Connection  with  External  V  of  a  Single  Cavity,  Qt— A  symmetrical 
single-cavity  resonator  ia  shown  in  Fig.  15.03-5.  The  quantity  c2  is  the 
power  coupling  coefficient  defined  by 


c 


2 


(15.03-6) 


4-S 


(.S  4  l)2 


(15.03-7) 


SOURCE'  Tachaical  Noi.  2,  CoMracI  AF  3M602MM8.  SRI 
(Saa  Raf.  18  br  F..  M.  T.  jaaaa) 


FIG.  15.03-5  SINGLE  CAVITY  FILTER 


where  S  is  the  internal  VSWR,  equal  to  the  discontinuity- VSWR  V t  *  V t  in 
thia  case  (Chapter  6).  Defining  (/  as  the  ratio  of  247-times-the-energy- 
stored  to  the  energy  -  d  i  s»  i  pat  ed- per -eye  le  ,**' 42  the  external  (/due  to 
loading  by  only  one  coupling  aperture  can  be  shown  to  be 


(15.03-8) — 
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where  ie  the  eidbesd  guide  weve length  of  the  cavity  node  end  ie 
the  free-space  wevelength.  The  nunber  ■  ie  egein  the  length  of  the 
cevity  aeeeured  in  helf  guide  wavelengths;  m  ie  en  integer  for  atepped- 
inpedance  filtere  (Chepter  6),  end  Eq.  (15.03-8)  ie  then  exect;  ■  ie 
clone  to  en  integer  for  nerrow-band,  reactance-coupled  filtere,  end 
Eq.  (15.03-8)  ie  then  a  cloee  approximation . 

Note  that  Qt  ie  defintd  for  a  eingly  loaded  cevity.  The  doubly 
loaded  external  Q,  Q't,  of  the  cavity  shown  in  Fig.  15.03-5  ie  just  helf 
as  much: 

Q. 

Q‘  ■  —  .  (15.03-9) 

*  2 


Equation  (15.03-8)  can  be  solved  for  5  in  terns  of  Qt,  end  the  re¬ 
sulting  expreaaion  substituted  into  Eq.  (15.03-4)  then  yields  P^/P  .  A 
particularly  aiaple  formula  results  for  narrow-band  filters  (S  »  1, 
c  <<  1),  and  then 


^  (  M* 

P,  *  "•  \K§J 


(15.03-10) 


Proof  of  Eq.  (15. 03-1)— It  can  be  seen  fron  Eqs.  (6.09-2)  and 
(6.14-10),  which  hold  for  narrow-band  filters  that  when  g#  ■  1 


4 

- - fu  (15.03-11 ) 

*  7?  V  * 

V 


For  narrow-band  filters  of  fractional  bandwidth  w,  whose  line-resonators 
are  •  hal f -wavelengths  long, 


w 


(15.03-12) 


Substituting  Eqs.  (15.03-11)  and  (15.03-12)  into  Eq.  (15.03-4)  yields 
Eq.  (15.03-1). 
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SEC.  15.04.  A  HIGH* POWER  TUNABLE  NARHOW-BANU  TEjjj-MODE  FILTER 

l  This  section  discusses  the  design  end  performance  of  a  narrow-band, 

!  high-power  filter  that  usea  cylindrical  TE#,,  mode  resonators.*  This 

type  of  filter  can  be  designed  to  have  a  narrow  paas  band  together  with 
a  very  low  midband  insertion  loss.  Furthermore,  as  can  be  seen  by 
reference  to  Fig.  15.03-2,  it  has  a  considerably  higher  midband  pulse- 
power  capacity  than  filters  constructed  from  other  types  of  resonators. 
Hence,  it  is  ideal  for  use  with  high-power  transmitters  in  suppressing 
spurious  emissions  that  have  frequencies  close  to  the  center  frequency. 

Its  main  diaadvantage  is  that  it  has  spurious  pass  bands  at  frequencies 
relatively  close  to  the  main  pass  band;  these  spurious  pass  bands  occur 
when  the  cavitiea  resonate  in  other  modes.  However,  by  using  the  tech¬ 
niques  described  below,  the  insertion  loss  of  these  spurious  pa*  'antis 
can  be  kept  quite  high  over  an  appreciable  frequency  band. 

Figure  15.04-1  shows  the  measured  insertion  loss  of  the  experimental 
three-cavity  TE(U  mode  filter  which  was  constructed  from  sluminum  and  is 
tunable  from  1250  to  1350  Me.  The  coupling  apertures  in  the  filter  were 
adjusted  no  that  the  product  of  the  external  Q  of  the  end  cavities  snd 
the  coupling  coefficient  between  cavities  was  approximately  equal  to 
unity.  Thus  the  frequency  response  of  the  filter  is  approximately  equal 
no  that  of  a  filter  designed  from  an  equal-element  low-pass  prototype. 

In  air  at  atmospheric  pressure,  the  theoretical  midband  pulse-power 
capacity  of  the  filter  is  limited  by  voltage  breakdown  within  the  cavi¬ 
ties  and  can  be  determined  from  Fig.  15.03-2  to  be  about  2.25  Mw.  The  pulse- 
power  capacity  at  the  edges  of  the  pass  band  is  reduced  to  about  1  Mw  for 
the  reaaona  diacusaed  in  Sec.  15.03.  A  dimensioned  drawing  of  the  filter 
is  shown  in  Fig.  15.04-2. 

The  measured  midband  attenuation  of  the  filter  as  a  function  of  tuning 
frequency  is  shown  in  Fig.  15.04-3.  These  values  of  attenuation  were 
measured  by  the  substitution  method  with  the  filter  terminated  at  either 
end  with  pads  whose  VSWR  was  about  1.10.  Hence  it  is  believed  that  the 
mismatch  loss  would  introduce  a  maximum  error  of  0.04  db  in  the  measure¬ 
ments.  The  theoretical  unloaded  Q  for  the  cavities,  assuming  a  conduc¬ 
tivity  for  the  aluminum  of  40  percent  of  that  of  annealed  copper,  ranges 
from  53,000  at  1250  Me  to  47,000  at  1350  Me.  The  measured  values  of  Qa 

l 

as  determined  from  the  midband  attenuation  and  the  3-db  bandwidth  of  the 
filter  using  Eqs.  (4.13-11)  and  (4.13-3)  are  27,300,  55,700  and  28,400  at 
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FIG.  15.04-1  MEASURED  ATTENUATION  OF  THE  EXPERIMENTAL  THREE-CAVITY  TEoi  l  MODE  FILTER 


FIG.  15.04-2  DIMENSIONED  DRAWINGS  OF  THE  EXPERIMENTAL  THREE-CAVITY  TEoi  i  MODE  FILTER 
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FIG.  1S.04-3  MEASURED  MIDBAND  ATTENUATION  VERSUS 
TUNING  FREQUENCY 


1250,  1300,  and  1350  Me,  respective ly .  The  variation  in  the  Measured 
value  of  Qa  nay  be  due  to  aieaaureaent  inaccuraciea  or  to  unauapoctod 
loaaea  in  the  abaorbing  Material  Mounted  behind  the  tuning  plungera  an 
dencribed  later  on  in  thia  aaction. 

Design  Technique  for  TE# , j  Mode  Filters —The  Method  uaad  in  designing 
this  type  of  filter  involvea  a  conbination  of  theoretical  and  experinantei 
techniques.  The  low-pasa  prototype  of  the  f i Iter  is  shown  in  Fig.  T 5 . 03- 1(c); 
a  schenatic  diagran  of  the  filter  ia  shown  in  Fig..  15.04-4;  and  finally, 
the  narrow-band  design  equationa  are  presented  in  Table  15.04-1.  Theae 
design  relations  were  derived  using  Bathe's  snail-aperture  coupling  theory 
by  a  procedure  ainilar  to  that  outlined  in  Secs.  8.07  and  8.14  for  the 
design  of  narrow-band  rectangular-cavity  filters.  In  the  present  filter, 
the  apertures  used  are  rectangular  in  shape  and  have  a  length  I, 

Measured  in  a  direction  parallel  to  the  unperturbed  Magnetic  field  at  the 
aperture,  a  height  h,  |t|1  Measured  in  a  direction  perpendicular  to  the 
unperturbed  Magnetic  field  at  the  aperture,  end  a  thickness  j. 

The  theoretical  static  Magnetic  polariiabilities  (M j)tt4+|  of  the 
various  apertures,  aasuMing  sero  thickness  and  no  large-aperture  effects, 
were  deternined  by  extrapolating  the  values  for  the  rectangular  aperture 
given  in  Fig.  5.10-4(a).  The  extrapolated  value  was  taken  as 


0.061  +  0.197 


*.*♦» 


(15.04-1) 
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Tha  estimated  actual  magnetic  polarisability  (#',)*  taking  into  account 
both  tha  thickneaa  and  frequency  correction*  were  then  determined  from 
Eq.  (5.10-6),  which  in  tha  preaent  inatanca  takaa  the  form 


Becauae  the  aperture*  are  cut  in  cylindrical  walls,  they  are  thicker  at 
the  edges  than  in  the  center.  A  thickness  k*\<  *l*ich  i»  *n  average  of 
these  two  values,  is  used  in  Eq.  (15.04-2). 

The  accuracy  of  the  values  of  magnetic  polarisability  computed  from 
Eq.  (15.04-2)  were  found  to  be  quite  high.  This  can  be  seen  from  an  in¬ 
spection  of  Fig.  15.04-5  which  shows  the  measured  external  Q  of  the  cavi¬ 
ties  compared  with  the  theoretical  values  computed  by  solving  Eq.  (5) 
in  Table  15.04-1  for  (Q,)^.  It  is  also  ?een  from  an  inspection  of 
Fig.  15.04-6  which  shows  tha  measured  coupling  coefficient  k  between  the 
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FIG.  15.04-4  A  DIRECT-COUPLED  TEoi  \  MODE  FILTER  HAVING  n  RESONATORS 
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Tibi.  15.04-1 


TEjjj-MOne  DIRECT -COUPLED  CAVITY  FILTERS 
AND  THEIR  RELATION  TO  LOi-PASS  PROTOTYPES 
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Table  15.04-1  concluded 
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whore  a,  6,  0  and  1  are  defined  in  Fig.  15.04-4,  and 

A.  ["guide  ware  length  in  a 

A  -  *  -■  B  ■  I  cylindrical  nareguide  of 

*"  / /  j  \I  dianater  l>  operating  in  t 

V1  -(ofis)  LTC#l  "od*  fr*<l“*ncY  "’ll 


'guide  wavelength  in  a  rrr 
"  tangular  terminating  waveguide 
of  width  a  operating  in  the 
TT.jU  node  at  frequency 


A.  free  apace  wavelength  at 
frequency  i.>fl 
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EXTERNAL  0 


SOURCfct  Technical  Note  J,  Contract  AF  SM6WM99BSR1 
(Sea  Hal.  38  br  E.  M.  T.  Jonea) 


FIG.  15.04-5  THEORETICAL  AND  EXPERIMENTAL  VALUES  OF 
EXTERNAL  Q,  Qe 
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COUPLING  COEFFICIENT 


SOIIHC;K:  Trthnicftl  Nolr  2.  Coni  rad  A  K  .10(602)-W«>H  SHI 
(Si'f  ||ef.  38  by  K.  M.  T.  Jones) 


FIG.  15.04-6  THEORETICAL  AND  EXPERIMENTAL  VALUES 
OF  THE  COUPLING  COEFFICIENT  k 
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cavities  compared  with  the  theoretical  value 
computed  by  aolving  Gq.  (6)  in  Table  15. 04-1 
for  The  valuea  of  external  Q  were 

determined  from  impedance  meaaurementa  made 
on  one  of  the  end  cavitiea  operating  aa  a 
singly-loaded  resonator  uaing  the  prescrip¬ 
tions  in  Sec.  11.02.  After  the  apertures  in 
the  end  cavities  were  adjusted  to  give  the  desired  value  of  external  Q 
the  two  end  cavities  were  coupled  together  by  means  of  a  small  iris. 
Measurements  made  on  the  frequency  response  of  this  pair  of  resonators 
then  yielded  the  valuea  of  the  coupling  coefficient  k  using  the  pre¬ 
scriptions  in  Sec.  11.04.  The  final  measured  values  of  Q(  and  k  for  the 
apertures  whose  dimensions  are  shown  in  Fig.  15.04-2  are  listed  in 
Table  15.04-2. 

hr.iq:  i<*  *  for  Sunpresting  Spurious  Modes — The  diameter  of  the 
cavities  was  chosen  that,  as  the  length*  of  the  cavities  were  varied 
to  tunc  them  from  1250  to  1-S0  Me,  the  resonant  freque-  ’is  of  the  other 
cavity  modes  were  aa  far  removed  fre-,  ;f  he  -#1,  mode  as  possible. 

The  i n j ide  diameter  selected  was  13  inches,  which  fixes  the  length  of  the 
unperturbed  cavities  at  10.23  inches  when  they  are  resonant  at  1250  Me, 
and  7 .  h-i  inches  when  they  are  resonant  at  1350  Me.  The  actual  measured 
lengths  of  the  cavities  were  found  to  differ  significantly  from  these 
values,  indicating  that  the  coupling  apertures  had  an  appreciable  per¬ 
turbing  effect  on  the  resonant  frequency.  Figure  15.04-7  shows  s  mode 
chart  for  an  unperturbed  cylindrical  resonator  showing  all  the  possible 
modes  that  can  exist  from  1050  Me  to  1725  Me. 

The  terminating  waveguides  are  oriented  to  couple  strongly  to  those 
TE  modes  within  the  cavity  that  have  components  of  magnetic  field  parallel 
to  the  cavity  axes.  TM  modes,  which  have  no  components  of  magnetic  field 
parallel  to  the  cavity  axes  are  only  weakly  excited  from  the  terminating 
waveguides.  It  is  noted,  however,  in  Fig.  15.04-2  that  the  length  1  of 
the  internal  coupling  apertures  along  the  circumference  of  the  cavity  is 
greater  than  the  aperture  height  parallel  to  the  cavity  axes.  Therefore, 
TM  modes  inadvertently  excited  in  the  end  cavities  are  very  strongly 
coupled  together  through  the  internal  coupling  apertures.  To  reduce  the 
internal  coupling  of  the  TM  modes,  and  thereby  reduce  the  spurious  trans¬ 
missions  through  the  filter  via  these  modes,  a  metal  bar  0.25  inch  wide 


Table  IS. 04-2 

MEASURED  VALUES  OF 
k  AND  0f 


/(Me) 

k 

‘0. 

12S0 

677 

0.00137 

0.93 

1300 

562 

0.00176 

0.99 

1350 

594 

0.00180 

1.07 
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and  0.020  inch  thick  with  rounded  edges  is  placed  across  each  internal 
coupling  aperture  parallel  to  the  cavity  axes  as  shown.  This  bar  lias 
negligible  effect  on  the  coupling  of  the  apertures  to  TE  modes. 

Several  techniques  are  used  to  minimize  coupling  through  the  filler 
at  frequencies  other  than  the  design  frequency  via  the  many  TF.  modes 
which  may  be  coupled  by  the  apertures.  One  technique  consists  of  posi¬ 
tioning  the  coupling  apertures  so  that  they  lie  midway  between  the  top 


SOURCE!  Technical  Note  2,  r. ntrnct  AE  S 0(002 M'»»R  SRI 
(Sat  Ref.  38  by  fc.  M.  T.  Jonea) 

FIG.  15.04-7  MODE  CHART  FOR  UNPERTURBED.  CYLINDRICAL 
RFSONATOR 
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and  bottom  of  the  cavities  when  they  are  tuned  to  12S0  lie.  Thia  procedure 
ainiaiaea  the  coupling  to  the  TE}11  mode  from  the  external  waveguides,  and 
also  ainiaiaea  the  coupling  of  thia  aode  between  cavities.  In  order  to 
reduce  the  coupling  of  the  TE]{1  aode  between  cavitiea,  the  coupling  alota 
in  each  cavity  are  oriented  at  right  angles  to  one  another,  resulting  in 
the  positioning  of  the  cavities  shown  in  Fig.  15.04*2. 

In  addition,  radial  transaisaion  lines  of  different  lengths  are 
formed  on  the  tuning  plungers  of  each  of  the  cavities  as  shown  in 
Fig.  15.04-2.  The  radial  transmission  lines  are  formed  by  attaching 
undercut  aluainua  diaka  to  the  brass , contacting  tuning  plungers.  In  the 
two  tuning  plungers  having  the  deepest  chokes,  two  diaka  of  reaiative 
paper  0.0035  inch  thick  and  having  a  resistance  of  2000  ohas  per  square 
are  placed  between  the  brass,contacting  tuning  plungers  and  the  undercut 
aluminum  disks.  In  these  cavities  nylon  screws  are  used  to  hold  the  two 
parts  of  the  tuning  plungers  together.  The  resistive  sheets  lowered  the 
unloaded  Q  of  the  undeaired  aodea  in  theae  two  cavitiea,  without  appre¬ 
ciably  affecting  the  unloaded  Q  of  the  desired  TE01,  mode.  The  resistive 
paper  was  not  placed  in  the  tuning  plunger  having  the  shallowest  radial 
line  because  in  that  case  the  paper  lowered  the  unloaded  Q  of  the  TE0II 
aode  also. 

These  radial  tranaaission  lines  shift  by  different  amounts  the  reso¬ 
nant  frequencies  of  the  undesired  modes  in  each  cavity,  and,  as  explained 
above,  lower  the  unloaded  Q  of  unwanted  modes  in  two  of  the  cavities. 
Hence,  the  transmission  via  these  higher-order  modes  is  greatly  reduced. 
The  shift  in  reaonant  frequency  in  an  end  cavity,  produced  by  the  two 
deepest  radial  line  chokes  on  some  of  the  modes  that  are  near  in  frequency 
to  the  TE# j ,  mode  is  illustrated  in  Fig.  15.04-8.  It  is  seen  thst  these 
chokes  do  not  cause  the  tuning  curves  of  any  of  the  unwanted  modes  to 
cross  that  of  the  TE#l,  mode.  The  chokes  in  the  tuning  plungers  also  have 
the  advantage  that  they  slightly  shift  the  resonant  frequency  of  the  TM1(1 
mode  which,  in  an  unperturbed  cylindrical  resonator,  is  always  degenerate 
with  the  TEgl|  mode.  The  grooves  at  the  outer  edge  of  the  bottom  plates 
of  the  cavities  have  a  depth  of  0.125  inch  and  a  width  of  0.500  inch  and 
are  also  for  the  purpose  of  shifting  the  frequency  of  the  TM  ,  mode. 

The  usual  technique  for  suppressing  the  effects  of  spurious  modes  on 
echo  boxes  or  frequency  meters  operating  in  the  TE#l(|  mode  is  to  place 
absorbing  material  in  the  cavities  in  such  a  position  that  it  couples 
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strongly  to  all  nodes  except  the  TE,la  nodes4*  and  therefore  greatly 
reduces  their  unloaded  Q,  Q  u .  Hence,  such  a  dissipatively  loaded  cavity 
ohen  used  as  a  transmission  device  has  a  very  low  transmission  for  all 
nodes  except  the  TE, j  modes,  or  when  used  as  u  reaction  device  produces 
only  a  negligible  reaction  in  the  feeding  line  except  at  the  resonant 
frequency  of  the  TE, ,  mode.  One  place  where  the  tossy  material  is  n>  »en 
put  is  behind  the  tuning  plunger  which  is  made  non-contacting.  The  »alls 
of  the  cavity  can  also  be  made  in  the  form  of  a  helix  with  lossy  material 
between  the  turns.  This  lossy  material,  particularly  when  placed  behind 
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FIG.  15.04-8  MODE  CHART  FOR  THE  ENDCAVI*  Y  ILLUSTRATING  THE 
SHIFT  IN  MOOE  RESONANT  FREQl if  -Y  CAUSED  BV 
COUPLING  APERTURES  AND  RAD. /L  UNE  CHOKES 
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■•■lined  sinusoidal  electric  field  distribution  (in  the  plane  of  the 
aperture)  along  its  length,  given  by 


nu 


(15. 04-3) 


where  £,  is  the  peak  electric  field  in  the  plane  of  the 
exact  expreaaion  for  the  amplitude  E,  the  peak  electric 
the  rectangular  guide,  is 


aperture.  The 
field  excited  in 


(15.04-4) 


The  peak  electric  field  in  the  plane  of  such  an  aperture  can  also 
be  calculated  approxiaately  from  another  formula  which  has  more  utility 
in  the  calculation  of  electric  fields  in  the  internal  apertures.  The 
expreaaion  in  aks  units  is 


2kl 


volta/meter 


(15.04-5) 


where.  o>#  is  the  angular  frequency.  *  1-257  *  10"‘  henries/meter,  WJ 
ia  the  magnetic  polar i sabi  1  ity  of  the  aperture  and  dfl  is  the  difference 
tween  the  magnetic  fielda  on  either  aide  of  the  aperture.  The  magnetic 
field  W#  on  the  cavity  aide  of  an  external  aperture  ia  much  greater  than 
the  magnitude  of  the  W- field  of  the  external  waveguide.  Therefore,  for 
the  external  apertures,  W,  «  AW. 

The  peak  electric  field  in  the  plane  of  an  internal  window 

of  polaritabi lity  connecting  Cavities  k  and  *  ♦  1,  ia  given  by 


l,IH 


’*‘V*>**,>*i  i 

*♦!**. 
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where  lt|M  and  ,4,  are  the  length  and  height  of  the  rectangular 
coupling  aperture  between  Cavity  k  and  Cavity  k  ♦  I.  It  ia  tedious  and 


r 


4iflin.lt  to  evaluate  A#4  t  exactly,  aince  ita  value  depends  on  both 
the  magnitude  and  phaae  of  the  Magnetic  field  on  either  aide  of  the 
aperture.  A  conaervative  deaign  estimate  ia  to  assume  that  A Hk  4  +  ,  is 
equal  to  the  difference  between  the  magnetic  field  in  the  two  cavities 
when  they  are  in  phase  opposition. 

In  order  that  the  fringing  fields  perpendicular  to  the  plane  of  the 
aperture  and  at  its  edges  do  not  become  excessive,  it  ia  necessary  to  use 
thick  coupling  apertures,  and  to  round  the  edges  of  the  apertures.  As 
shown  in  Fig.  15.04-2,  it  is  the  aperture  edges  parallel  to  the  u  axis 
in  Fig.  15.04-9)  that  must  be  rounded.  The  aperture  edges  parallel  to 
the  v  axis  need  not  be  rounded.  The  magnetic  polariiability  of  the 
ooertures  is  quite  insensitive  to  the  rounding  of  the  corners. 

For  an  infinitesimally  thin  aperture  with  dimensions  of  1  •  2.75 
ii chea  ar d  h  *  3.25  inches,  exciting  a  rectangular  waveguide  with  dimen¬ 
sions  of  o  1  6.5  inches  and  b  •  3.25  inches,  Eq.  (15.04-4)  predicts  a 
peak  electric  field  F(  in  the  plane  of  the  aperture  equal  to  1.94  E.  The 
actual  thick  aperture  in  the  experimental  filter  had  the  aame  l  and  h 
dimensions  and,  in  addition,  the  inner  edge  of  each  aperture  was  rounded 
wi  ;h  a  0  325-inch  radius  along  the  1  dimensions.  Reference  to  Fig.  15.02-5 
shews  that  the  maximum  electric  field  near  the  rounded  corners  is 
l.h5  £,.  (Note  that  E{  is  the  peak  field  in  the  plane  of  the  aperture, 
w!ile  E j  is  the  peak  field  regardless  of  direction.)  Therefore,  the  maxi¬ 
mum  elecric  field  E j  near  the'external  coupling  apertures  when  exciting 
a  wive  oi  amplitude  E  in  the  external  guide  is  •  3.59  £.  The  pulse- 
powor  capacity  of  the  external  coupling  aperture  is  thus  only  0.0776  times 
th«  of  the  external  guide.  Using  a  relation  taken  from  Table  15.03-1 
(thit  the  pulse-power  capacity  P'm  of  the  external  guide  is  76.4  X/X  mega¬ 
watts  for  air  at  atandard  temperature  and  pressure)  it  is  found  that  the 
peak  pulse-power  capacity  of  the  external  coupling  apertures  at  midband, 
where  the  filter  ia  matched,  is  4.06,  4.24,  and  4.37  megawatts  at  fre¬ 
quences  of  1250,  1300,  and  1350  Me,  respectively,  which  is  greater  than 
that  of  the  resonators. 

The  ratio  of  the  peak  electric  field  in  infinitesimally  thin  internal 
coupling  apertures  (i.e.,  apertures  between  resonators)  to  that  in  infini¬ 
tesimally  thin  external  coupling  apertures  (i.e.,  apertures  between  end 
resonators  and  the  terminating  guides)  can  be  calculated  fromEq.  (15.04-6). 
Since  the  edges  of  the  actual  apertures  in  the  filter  were  all  rounded  by 
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the  aame  amount,  this  ratio  should  alao  apply  approximately  for  the 
actual  apertures.  The  result  is,  using  the  final  values  of  l  ■  2.75 
and  h  *  3.25  for  the  external  apertures  and  t  ■  2.00  and  h  ■=  3.25  for 
the  internal  apertures, 


E'  , 

i  a  t 

F1 

•  » t 


M.  ,  (AH). 

«  at  '  t  a  t 


1.375 


(15.04-7) 


In  this  expression  and  £*sl  are  the  peak  electric  fields  at  the 

internal  and  external  apertures,  whi le  ( A H) .  t  and  (A W)#lt  are  the 
differences  between  the  H-fields  on  oppo-'te  sides  of  the  internal 
apertures  and  on  opposite  sides  of  the  external  apertures.  To  an  excel¬ 
lent  approximation,  (AW)  *  W  where  W  is  the  peak  //-field  in  the 
center  of  the  external  apertures.  In  Eq.  (15.04-7)  W  is  the  polarizability  of  the 
external  aperture  which  has  calculated  values  of  4.60,  4.67,  and  5.17  at 
frequencies  of  1250,  1300,  and  1350  Me,  respectively.  The  pol ar i aabi 1 i ty 
If,  of  the  internal  apertures  has  calculated  values  of  1.275,  1.288,  and 
.  147  at  frequencies  of  1250,  1300,  and  1350  Me,  respectively.  Making 
the  conservative  assumption  that  (AH).  is  equal  to  2  W#it,  one  finds 
that  the  pulse-power  capacity  of  the  internal  apertures  is  7.0,  7.35,  and 
8. 53  megawatts  at  1250,  1300,  and  1350  Me,  respectively.  Reference  to 
Fig.  15.03-3  shows  that  the  fields  in  the  second  and  third  cavity  rise  to 
about  1.4  times  their  midband  values,  for  a/  of  1.4.  Therefore  at  this 
frequency  (AW).  increases  to  about  1.4  times  its  assumed  midband  value. 
Consequently  the  pulse-power  capacities  of  the  internal  apertures  would 
be  reduced  to  about  one  half  their  midband  value,  which  still  is  higher 
than  the  pulse-power  capacity  of  the  filter  cavities  themselves. 


SEC.  15.05,  HIGH- POWER  WAFFLE-IRON  FILTERS 

This  section  describes  the  design  and  measured  performance  of  two 
L-band  model  waffle-iron  filters  (Sec.  7.05).  In  the  one  developed 
first,*  the  principal  requirement  was  for  a  very  wide  stop  band,  to  stop 
all  harmonica  from  the  second  to  the  tenth,  inclusive.  This  structure 
consisted  of  three  waffle-iron  filters  in  cascade  with  overlapping  stop 
bands.  In  the  second  model*  the  emphasis  was  on  power  handling  and  pass- 
band  width.  This  was  achieved  by  changing  from  square  to  circular  teeth, 
changing  the  end  sections,  and  paralleling  four  identical  filters.  This 
increased  the  power  handling  capacity  more  than  five  times.  There  is  no 
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ration  why  tha  bait  feature!  of  both  models  could  not  be  combined  to 
produce  •  filter  with  a  wide  atop  band  (lecond  to  tenth  harmonic),  wide 
pan  band  (VSIR  <  1.2  over  almoit  all  of  1-ijand),  and  a  pulse-power 
capacity  of  approximately  ft  megawatt!  in  air  at  atmospheric  pressure, 
but  such  a  model  has  not  yet  been  built.  The  two  separate  models  will 
now  be  described. 

Waffle-Iron  Filter  with  Stop  Band  up  to  Tenth  Harmonic*—-  In  this 
structure  three  different  waffle-iron  filters  with  overlapping  atop  bands 
are  connected  in  series  to  gu'e  a  combined  stop  band  which  extends  from 
2.2  Gc  to  13.7  Gc  where  the  attenuation  is  60  db  or  greater  for  all 
possible  propagating  modes.  This  stop  band  includes  the  second  through 
tenth  harmonic  of  frequencies  in  the  pass  band  of  1.25-1. 35  Gc .  In  the 
pass  band,  the  waffle-iron  filter  is  matched  to  a  WH650  waveguide 
using  quarter-wave  length  stepped  transformers  (Chapter  6).  The  pulse- 
power  capacity  without  breakdown  was  measured  in  the  presence  of  a 
cobalt-60  radioactive  source  to  be  1.4  megawatts  in  air  at  atmospheric 
pressure  using  pulses  2  microseconds  long  and  a  repetition  rate  of 
60  pulses  per  second. 

Figure  15.05-1  is  a  photograph  of  the  filter  in  the  disassembled 
condition  showing  the  quarter  -  wave  length  tranaf ormers  used  to  connect  the 
various  waffle-iron  sections  together.  The  transformers  used  to  connect 
the  waffle-iron  filter  to  the  WR650  guide  are  not  shown. 

The  theoretical  staggered  image  stop  bands  of  the  filtersare  shown 
in  Fig.  15.05-2.  The  design  of  Waffle-Iron  A  has  been  previously  de¬ 
scribed  as  the  first  example  in  Sec.  7.05  under  the  heading:  " Design 
Using  Cohn's  Corrugated  Filter  Data.”  It  was  made  ten  sections  long  in 
order  to  achieve  a  theoretical  stop-band  attenuation  of  about  80  db. 

Waffle-Iron  B  and  Waffle-Iron  C  were  designed  using  the  technique 
described  in  Sec.  7.05  under  the  holding:  "Design  Using  the  T-Junction 
Equivalent  Circuit  of  Marcuviti."  Waffle-Iron  R  was  made  seven  sections 
long  in  order  to  achieve  a  theoretical  stop-band  attenuation  of  more  than 
60  db  above  5.75  Gc  while  Waffle-Iron  C  was  made  nine  sections  long  in 
order  to  achieve  a  theoretical  stop-band  attenuation  of  more  than  60  db 
above  9.25  Gc.  Figure  15.05-3  shows  a  typical  high-power  waffle-iron 
filter  section  illustrating  the  notation  used  to  specify  the  diMnsions, 
while  Table  15.05-1  shows  the  dimensions  of  each  of  the  three  waffle-iron 
filters. 
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SOURCE:  Technical  Note  2.  Contract  AF  30(t»02>-23<>2,  SRI 
(See  Ref.  45  by  E.  D.  Sharp) 


fig.  15.05-1  Disassembled  waffle-iron  filter  and  connecting 

QUARTER-WAVE  TRANSFORMER  SECTIONS 


Snimr.F.:  Technical  Nole  2,  Contract  AF  ao(602V21<»2,  SM 
(See  Ref.  45  by  F.  H.  Sharp) 


FIG.  15.05-2  ATT^NTUATION  CONSTANTS  OF  WAFFLE-IRON  FILTERS 
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Table  IS. OS-1 

DIMENSIONS  OF  WAFFLE-IRON  FILTERS 


SOURCE:  ftck.it. 1  Nat.  2.  Ca.tr.et  AF  30(602 1-I39J.  SR-  (S*.  Rtf.  45  by  E.  0-  Sk.rp) 
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j  The  corners  of  the  bosses  in  each  of  the  filters  were  rounded  to 

reduce  the  electric  field  at  these  positions.  The  radius  of  curvature 
used  in  each  case  is  shown  in  the  table.  For  Waffle-Iron  A  and  Waffle- 
Iron  B  which  have  6“  <  1,  it  is  appropriate  to  use  Fig.  15.02-5  to  de¬ 
termine  the  field  strength  at  the  rounded  corners.  Reference  to  this 
figure  shows  that  the  maximum  electric  field  at  the  rounded  corners  is 
only  1.4  times  its  value  at  the  center  of  the  tooth.  For  Waffle-Iron  C, 
l  <  b"  and  it  is  more  appropriate  to  use  Fig.  IS. 02-7  to  determine  the 
field  strength.  Reference  to  this  figure  shows  that  the  maximum  electric 
field  at  the  corners  is  1.58  times  its  value  at  the  center  of  the  boss. 

The  height  of  the  waveguides  necessary  to  present  an  image  match  to 
each  waffle-iron  section  was  computed  using  the  procedures  outlined  in 
Sec.  7.05  In  addition,  measurements  of  the  image  impedance  of  each 
filter  were  made  using  Dawir's  method,  which  is  described  in  Sec.  3.09. 

The  results  of  these  measurements  are  presented  in  Fig.  15.05-4  in  terms 
of  the  height  of  the  terminating  guide  necessary  to  achieve  an  image  match. 
The  height  of  the  quarter -wave  transformers  necessary  to  match  the  waffle- 
iron  sections  to  each  other  and  to  the  terminating  waveguides  over  a  1250- 
to  1350-Mc  band  were  determined  from  these  data  and  the  quarter-wave- 
transformer  tables  of  Sec.  6.04.  The  height  of  the  s ing 1 e - sec t ion 
quarter-wave  transformer  between  Waffle-Iron  B  and  Waffle-Iron  C  is 
0.341  inch.  The  dimensions  of  the  two-section  quarter-wave  transformer 
between  Waffle-Iron  A  and  Waffle-Iron  B  are  shown  in  Fig.  15.05-5,  while 
the  dimensions  of  the  transformers  at  either  end  of  the  filter  are  shown 
in  Fig.  15.05-6. 

The  measured  VSWR  of  the  assembly  is  shown  in  Fig.  15.05-7,  while  the 
stop-bond  insertion  loss  is  shown  in  Fig.  15.05-8. 

The  performance  of  a  single  section  >S-band  waffle-iron  operating  in 
both  the  evacuated  and  pressurised  condition  has  also  been  described  by 
Guthart  and  Jones.46 

Waffle-Iron  Filter  with  Increased  Pass-Band  Width  and  Increased 
Power-Handling  Capacity45— The  principle  of  the  waffle-iron  filter  with 
wide  pass-band  width  (and  wide  stop-band  width)  was  explained  at  the  end 
o'f  Sec.  7.05.  A  photograph  of  this  filter  was  shown  in  Fig.  7.05-10,  and 
its  dimensions  were  given  in  Sec.  7j05.  The 'principle  behind  the  increased 
power-handling  capacity  of  the  round  (as  opposed  to  square)  teeth  will  now 
be  explained. 
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SDimCF.i  Tachaicil  Not*  9,  Comncl  AF  J<XW2>-SSM.  SRI 
lha  Dll.  45  E-  U.  Slurp ) 

FIG.  15.05-4  MEASURED  WAFFLE-IRON  IMAGE  IMPEDANCE 
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SOURCE:  Technical  N  .le  2,  Contract  AF  30(602 >-2192,  SHI 
(Saa  Ref.  45  by  E.  0.  Sharp) 

FIG.  15.05-5  CROSS-SECTION  OF  TRANSFORMER  BETWEEN 
WAFFLE  IRON  FILTERS  A  AND  B 


SOURCE:  Technical  Note  2,  Contract  AP  3 0(602 >-2392,  SRI 
(See  Ref.  45  by  E.  D.  Sharp) 

FIG.  15.05-6  CROSS-SECTIONS  OF  INPUT  AND  OUTPUT  TRANSFORMERS  (DIMENSIONS 
WITH  AND  WITHOUT  PARENTHESES  ARE  FOR  TRANSFORMERS  THAT 
MATCH  WAFFLE  IRONS  A  AND  C  RESPECTIVELY,  TO  L-BAND  WAVEGUIDE) 
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SOURCE*  Tachalcal  Nutr  2,  Contract  AE  3<K*02)-2JM,  SRI 
(Sae  Rat.  AS  by  E.  I).  Sharp) 


FIG.  15.05-7  VSWR  OF  WAFFLE-IRON  FILTER  ASSEMBLY 


SOURCE'  Tachii ical  Noli  2.  CoMracI  AF  J0<602>-2392,  SRI 
(Saa  Rat.  45  lay  F..  D.  Sharp) 


FIG.  15.05-8  ATTENUATION  OF  WAFFLE-IRON  FILTER  ASSEMBLY 


The  filter  shown  in  Fig.  15.05-1  was  tested  st  high  power  until 
arcing  occurred.  It  was  then  opened  and  examined:  strong  burn  marks 
were  found  on  the  four  corners  of  the  teeth  in  the  center  three  longi¬ 
tudinal  rows.  (There  were  no  burn  marks  on  the  two  rows  of  teeth  along 
the  side  wall.)  Rounding  the  edges  alone  would  leave  a  ridge  at  the 
four  corners,  which  had  therefore  been  rounded  off  into  approximately 
spherical  corners;  but  this  still  remained  the  weakest  part  of  the  filter 
from  the  standpoint  of  power-handling  capacity.  To  spread  the  field  more 
evenly,  it  wan  argued  that  a  circular  tooth  should  be  better  than  a 
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square  tooth,  since  it  hss  only  one  edge  snd  no  corners.  To  arrive  at 
s  quantitative  comparison,  the  following  reasoning  was  used. 

Cohn*  has  analyzed  the  fields  near  two-dimensional  rounded  corners. 
With  the  dimensions  of  both  the  round  and  square  teeth,  his  results 
should  still  hold  closely  for  the  fields  near  the  line-edges  of  the 
teeth.  One  curve  in  Fig.  IS. OS-9  is  taken  from  Fig.  1S.02-S,  and  shows 
the  maximum  field  near  a  rounded  edge  with  circular  boundary.  It  is 
shown  as  a  function  of  the  ratio  2A/6*.,  where  R  is  the  radius  of  the 
rounded  edge  and  6"  is  the  spacing  between  teeth  (Fig.  15. OS-3).  To 
calculate  the  maximum  field  near  the  spherically  rounded  corners  of  the 
square  teeth,  we  proceed  as  follows.41 


SOURCE'  Qnoatoaly  Pnsnaa  Ha  port  I,  Contract  AF  3W602K2734,  SRI 
(Son  Rof.  43  bf  L.  Tonal) 


FIG.  15.05-9  MAXIMUM  FIELD  INTENSITIES  NEAR  CIRCULAR  EDGE 

OF  ROUND  TEETH  AND  NEAR  SPHERICAL  CORNERS  OF 
SQUARE  TEETH 
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The  plane  of  symmetry  between  teeth  may  be  regarded  as  being  at 
ground  potential.  The  field  intensity  well  inside  the  region  between 
teeth  is  denoted  by  ft#.  Then  the  potential  V  of  a  tooth  ia 


V  -  ±ftfl6“/2 


(15.05-1) 


The  field  £>(l  on  the  surface  of  an  isolated  sphere  of  radi us fl and  at  a  po¬ 
tential  V  above  ground  is 


Therefore , 


ft 

■  •  > 


b" 

2ft 


(15.05-2) 


(15.05-3) 


approximately ,  for  the  three-dimensional  corners  on  the  square  teeth, 
when  the  corners  have  spherical  contours.  Kquation  (15.05-3)  is  also 
plotted  against  2H/6”  in  Fig.  15.05-9  and  is  a  rectangular  hyperbola. 
For  the  filters  under  cousiderat ion 


2ft  0.126 

b"  0.210 


0.6 


(15.05-4) 


and  Fig.  15.05-9  shows  that  ftB>>/ft#  is  1.415  for  the  circular  edge,  and 
1.667  for  the  spherical  corner.  Therefore,  the  waffle-iron  filter  with 
circular  teeth  should  handle  about 


( 


I  667  \2 
1.415/ 


1.39 


(15.05-5) 


times  as  much  power  as  the  waffle-iron  filter  with  square  teeth.  With 
four  waffle-iron  filters  in  parallel  and  circular  teeth,  as  in 
Fig.  15.05-10,  the  filter  should  handle  about  4  x  1.39  «  5.56  times  the 
power  of  the  single  filter  in  Fig.  7.05-10,  corresponding  to  about  15  per¬ 
cent  of  the  power  handled  by  WK650  /.-band  rectangular  waveguide. 
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This  f our -wa f f le - i ron  filter  was  tested  in  the  presence  of  a  cobalt-60 
radioactive  source  in  air  at  atmospheric  pressure,  using  pulses  2.5  micro¬ 
seconds  long  with  a  repetition  rate  of  200  pulses  per  second.  At  6.3  mega¬ 
watts  pulse  power  (the  maximum  power  available)  there  was  still  no  sign  of 
arcing.  Based  on  the  Hbove  calculation  and  1.4  megawatts  for  the  single- 
waffle-iron  square-toothed  filter  of  Fig.  15.05-1,  the  filter  in 
Fig.  15.05-10  should  handle  5.56  *  1.4  =  7.8  megawatts  under  the  same 
conditions . 

It  wns  pointed  out  at  the  beginning  of  Sec.  15.02  that  the  pulse- 
power  capacity  referred  to  short  pulses.  The  reader  should  use  caution 
when  applying  these  results  to  longer  pulses.  Both  the  square- toothed 
and  the  round- toothed  waffle-iron  filters  were  subjected  to  pulses 
110  microseconds  long,  at  a  rate  of  30  pulses  per  second.  The  pulse- 
power  capacity  with  the  1 1 0- mi c rosecond  pulses  was  only  about  one-third 
of  that  v  i „h  the  2 -mic rosecond  pulses.  Furthermore,  it  appeared  that 
arcing  arted  about  50  microseconds  after  the  beginning  of  the  pulse. 

r  1  ■:  dimensions  of  the  power  dividers  for  the  high-power  waffle-iron 
filter  in  Fig.  15.05-10  are  given  in  Fig.  15.05-11.  Kach  of  the  four 
parallel  filters  has  the  same  dimensions  as  were  given  in  Sec.  7.05  for 
the  single  filter  shown  in  Fig.  7.05-10. 

The  VSWH  of  the  filter  shown  in  Fig.  1 5 . 05 - 1 0  i s  shown  in  Fi g.  15.05-12, 
including  both  power  dividers  in  the  measurements.  The  solid  line  is 
for  the  original  filter  in  which  the  three  one-eighth- inch  plates  sup¬ 
porting  the  round  teetli  (Fig.  15.05-10)  were  solid  plates  from  end  to  end. 
Later  these  plates  were  modified  by  cutting  large  circular  holes  between 
teeth,  as  shown  in  Fig.  15.05-13,  which  also  shows  the  shelf-like  con¬ 
struction  of  the  filter  in  more  detail.  The  reason  for  the  holes  was  to 
allow  coupling  between  the  four  parallel  filter  units,  so  that  propagation 
through  the  various  waffle  iron  filters  could  not  get  out  of  phase,  and 
thus  to  forestall  any  possible  trapped  resonance  around  a  plate  due  to 
poor  tolerances  or  other  imperfections.  (No  such  resonance  was  ever 
actually  observed  with  or  without  coupling  holes.)  The  VSWH  of  the  filter 
with  coupling  holes  is  shown  by  the  dotted  line  in  Fig.  5.05-12.  The  VSWR 
is  better  than  1.2  over  almost  the  whole  of  L-band,  with  or  without 
coupling  holes,  and  better  than  1.1  over  two  considerable  portions  of  it. 

The  Btop-bund  performance  is  shown  in  Fig.  15.05-14  together  with 
that  of  Waffle-Iron  Filter  A  (which  has  squure  teeth,  has  ten  sections, 
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SOURCEt  Quarterly  progreaa  Report  2,  Contract  AF  30(602)-2734,  SRI 
(See  Ref.  43  by  L.  Young) 


FIG.  15.05-13  SHELF-LIKE  CONSTRUCTION  OF  FILTER  IN  FIG.  15.05-10 
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SOURCE:  Quarterly  Progreaa  Report  2,  Contract  AF  30(602  K2734*  SRI 
(Sec  Ref.  43  by  L..  Young) 


FIG.  15.05-14  ATTENUATION  OF  TWO  WAFFLE-IRON  FILTERS 


and  begins  with  hal  f-teeth) ,  After  a  1  lowance  i s  made  for  the  fact  that  one  ia 
a  fi ve- section  and  one  i a  a  ten- section  fi i ter ,  there  is  no  noticeable  differ¬ 
ence  in  the  stop-band  performance.  However,  some  difficulty  was  experienced 
as  a  result  of  imperfect  contact  at  the  coupling  flange.  Since  TE01  and  other 
TEg,  modes  can  propagate  through  the  waffle-iron  filter  in  the  higher  part  of 
the  atop  band,  one  must  make  sure  that  TEg(  and  other  TE0k  modes  are  not  excited 
where  the  waffle-iron  sections  begin.  Normally  these  modes  are  not  excited  be¬ 
cause  of  the  symmetry  of  the  structure,  and  they  are  cut  of f  in  the  low-height 
waveguide  matching  sections  so  that  none  can  reach  the  filter  proper.  However 
if  the  waffle-iron  filter  and  the  low-height  waveguide  matching  sections  are 
made  in  separate  pieces  and  then  connected,  imperfect  contact  at  the  flanges  may 
set  up  the  unwanted  modes  .  Then  any  conversion  from  propagating  TEa0  modes  in 
the  exterior  waveguide  to  propagating  TE0||  modes  in  the  filter  proper,  and  sub¬ 
sequent  re-conversion  at  the  output ,  will  cause  spurious  pass  bands.  A  few  very 
sharp  and  narrow  spurious  responses  were  observed,  and  were  found  to  improve 
with  better  flange  fitting.  To  avoid  the  need  for  excessive  care  in  mating 
flanges,  six  one-eighth  - inch -diameter  rods  were  passed  across  the  filter,  as 
shown  in  Fig.  15.05-15,  which  completely  eliminated  all  spurious  responses  in 
the  stop  band. 
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SOUHCEt  Quarterly  Profr.ee  Report  2,  Contract  AF  30(6021-2734,  SRI 
(See  Ref.  43  by  L.  Young) 


FIG.  15.05-15  WAFFLE-IRON  FILTER  WITH  THIN  RODS  TO  SUPPRESS  TE0,  MODE  EXCITED 
BY  IMPERFECT  CONTACT  OR  MISALIGNMENT  OF  FLANGES 


SBC •  15.06.  DlSSlPA'llVK  WAVEGUIDE  ULYEHS 

Diaaipative  low-pass  waveguide  filters  are  extensively  used  to 
suppress  the  spurious  harmonic  radiation  from  high-power  transmitters 
because  they  are  well  matched  in  both  the  pass  and  stop  bands  and  hence 
preclude  resonances  between  the  transmi tter  and  the  filter  that  might  be 
damaging  to  the  transmitting  tube.4*'*  they  usually  have  maximum  attenu¬ 
ation  at  the  second  and  tlii id  harmonic  frequencies  with  lesser  attenuations 
at  higher  frequencies.  Most  designs  can  handle  essentially  the  full 
waveguide  pulse-power  without  recourse  to  pressurization.  It  is  also 
relatively  easy  to  pressurize  them  if  necessary  in  order  to  make  them 
compatible  with  other  components  in  a  system. 

Figure  15.06-1  is  a  sketch  of  a  portion  of  a  typical  dissipative 
waveguide  filter.  It  is  seen  to  consist  of  a  central  waveguide  that  is 
aperture  coupled  to  an  array  of  secondary  waveguides,  which  stand  on  all 
four  sides  of  the  central  waveguide,  and  each  of  which  is  terminated  in 
a  matched  load.  The  width  a2  of  the  secondary  waveguides  is  small  enough 
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•o  that  they  are  below  cutoff  in  the  pasa  band  of  the  filter  and  hence 
at  theae  frequencies  powor  can  propagate  down  the  central  waveguide  with 
an  attenuation  that  is  ordinarily  leas  than  0.1  db.  In  order  to  achieve 
thia  low,  pass-band  attenuation  the  tips  of  che  spear-shaped  loads  in  the 
secondary  waveguides  are  placed  approximately  a  distance  a2  (equal  to 
one-half  of  the  TEj0-mode  cutoff  wavelength  in  the  secondary  waveguide) 
from  the  apertures  so  that  the  fringing  fields  at  the  apertures  do  not 
interact  with  the  loads.  In  the  stop  band,  which  exists  at  frequencies 
above  the  pass  band,  the  side  waveguides  can  propagate  and  harmonic  power 


FIG.  15.06-1  TYPICAL  CONSTRUCTION  OF  A  DISSIPATIVE  WAVEGUIDE  FILTER 
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propagating  down  the  central  waveguide  is  coupled  into  the  side  waveguides 
where  it  is  dissipated  in  the  matched  terminations. 

The  coupling  apertures  for  the  secondary  waveguides  are  usually  long 
and  narrow  slots  as  shown,  and  maximum  attenuation  in  the  central  wave¬ 
guide  occurs  at  the  frequency  at  which  the  aperture  lengths  1  are  about 
one-half  a  free-space  wavelength.  The  center- to-center  spacing  of  the 
apertures,  along  the  length  of  the  waveguide,  is  usually  made  less  than 
half  a  free-space  wavelength  at  the  highest  frequency  of  operation  of  the 
filter  in  order  to  avoid  multiple  reflections  from  the  apertures  which 
would  raise  t'he  stop-band  VSWR.  The  coupling  apertures  cannot  couple 
equally  well  to  all  possible  modes  in  the  central  waveguide,  which  can 
propagate  a  rapidly  increasing  number  of  modes  as  the  frequency  is  in¬ 
creased.  When  slots  are  used,  as  shown  in  Fig.  15.06-1,  the  slots  attenuate 
most  strongly  those  modes  with  currents  trying  to  cross  the  slots  (i.e., 
having  transverse  magnetic  fields  in  the  case  of  Fig.  15.06-1);  the 
secondary  waveguides  are  then  effectively  in  series  with  the  central  wave¬ 
guide.  Furthermore,  the  attenuation  is  greatest  when  the  centers  of  the 
coupling  apertures  are  located  at  the  positions  of  maximum  transverse 
magnetic  field  (maximum  longitudinal  wall  current).  The  attenuation  of  a 
mode  measured  in  db  at  a  particular  frequency  is  also  approximately  in¬ 
versely  proportional  to  its  impedance  in  the  central  wr  t--  ; de  (which  for 

TE  modes  and  a  given  a/b  ratio  is  proportional  to  the  .•  of  guide 

wavelength  to  free-space  wavelength).  Therefore,  a  >  rder  mode 

having  the  coupling  apertures  of  the  secondary  waveguides  arranged  so  that 
the  mode  will  suffer  maximum  attenuation  may  still  be  less  strongly  at¬ 
tenuated  than  a  lower-order  mode  having  a  lower  guide  impedance.  Greater 
attenuation  by  the  secondary  waveguides  along  the  broad  wall  of  the  central 
guide  is  obtained  when  the  impedance  of  the  guide  is  reduced  by  reducing 
its  height,  6. 47  However,  this  procedure  also  reduces  the  pulse-power 
capacity  of  the  filter  since  the  pulse-power  capacity  is  directly  pro¬ 
portional  to  b. 

In  the  filter  shown  in  Fig.  15.06-1  the  secondary  waveguides  along 
the  broad  wall  of  the  central  waveguide  would  couple  strongly  to  the 
second-harmonic  power  propagating  in  the  TEj0  mode.  They  also  couple  just 
about  as  strongly  to  the  second-harmonic  power  propagating  in  the  TE10 
mode.  The  waveguides  along  the  narrow  wall  of  the  central  waveguide  couple 
most  strongly  to  second-harmonic  power  propagating  in  the  TE0,  mode. 
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If  the  double  array  of  3ide  waveguides  along  each  broad  wall  of 
the  central  waveguide  in  Fig,  15.06-1  ere  replaced  by  triple  arrays,  the 
filter  would  be  most  effective  in  suppressing  power  propagating  at  the 
third  harmonic  frequency.  For  this  reason  some  dissipative  filters  have 
a  double  array  of  waveguides  along  a  portion  of  the  broad  wall  and  a 
triple  array  along  the  rest  of  the  wall. 

In  order  to  provide  a  good  match  between  the  dissipative  filter  and 
the  terminating  waveguides  it  is  cuatnmary  to  linearly  taper  the  lengths 
of  the  coupling  apertures  at  each  end  of  the  filter.  When  about  a  dozen 
apertures  are  tapered  at  each  end  of  the  filter  the  resulting  pass-band 
VSWH  is  usually  less  than  1.20. 

An  .S-fiund  Dissipative  Filter — A  filter  which  is  typical  of  dissipative 
filters  in  general,  has  been  developed  by  V.  Price,  et  al ,*  The  configu¬ 
ration  of  the  side  waveguides  in  this  fi.ter  is  as  shown  in  Fig.  15.06-1; 
however,  a  cylindrical  pressure  vessel  surrounds  the  filter  so  that  it 
can  be  operated  at  u  pressure  of  .10  psig  (pounds  per  square  inch,  gauge). 
The  filter,  which  is  made  of  aluminum,  is  fabricated  in  the  following 
fashion.  First,  the  coupling  apertures  nre  milled  in  the  central  wave¬ 
guide.  Then  a  number  of  aluminum  stampings  are  made  which,  when  assembled 
in  the  fashion  of  un  egg-crate,  form  the  side  waveguides.  The  side  wave¬ 
guides  and  the  central  waveguides  are  then  clamped  together  und  permanently 
joined  to  euch  other  by  immersion  in  a  dip  brazing  tank.  The  specifica¬ 
tions  for  such  a  filter  are  given  in  Table  15.06-1,  and  its  attenuation 
characteristics  are  shown  in  Figs.  15.06-2,  3  and  4. 


Table  1 5 . 0b- J 

Sl'KrlKI CATIONS  OK  AN  S-HANI)  MSSIPATIVK-HITKH  F.XAWPI.F. 


Mown  of  slots  on  each  broad  wall 

Hows  of  slots  on  each  narrow  wall 

Number  of  full  length  slots  on  both  broad  walls 

Nusilter  of  full-length  slots  on  both  narrow  walls 

Number  of  linearly  tapered  matching  alota  at 
each  end  of  each  row  of  slots 

6 2  height  of  side  waveguides 
a ^ ,  width  of  aide  waveguides 

length  of  narrow  wall  aide  waveguides 
1 2 ,  length  of  broad  wall  aide  waveguides 
1,  length  of  coupling  apertures 
a>,  width  of  coupling  apertures 
Over-all  filter  length  including  flanges 
Outside  diameter  of  presaure  vessel  surrounding  filter 


2 

1 

272 

13b 

lb 

0.2b  inch 
1.3b  inches 
2.6  inches 
2.4  incites 
1.30  inches 
0. lb  inch 
36  inches 
b.25  inches 
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SOlIRCKt  Kinul  Hfpurl,  ChanK«  A,  Contract  At'  'iO(b(l2M(i70,  Oenrrul  Klrrtrir  (lompuny 
(Srr  Rrf.  40  by  V.  C.  I*r»rr,  J.  I*.  Roonry  and  H.  II.  Slum*) 

FIG.  15.06-2  TE  |0-MODE  ATTENUATION  AND  VSWR  OF  S-BAND  DISSIPATIVE 
FILTER  WHOSE  DIMENSIONS  ARE  GIVEN  IN  TABLE  15.06-1 


SOlllK'K:  Kina l  Report,  Changr  A.  Contract  AK  30(602)-!  ii7lMifner.il  Klrrtric  Company 
(Sec  Rrf.  40  by  V.  (I.  Price,  J.  V.  Roonry  ami  R.  II.  Stour) 

FIG.  15.06-3  TEjo-MODE  ATTENUATION  AND  VSWR  OF  DISSIPATIVE  FILTER 
WHOSE  DIMENSIONS  ARE  GIVEN  IN  TABLE  15.06-1 
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SOURCE':  Final  Report,  Change  A,  Contract  AF  3 0(602 M 670  General  Electric  Company 
(Se*  Ref.  49  by  V.  G.  Price,  J.  P.  Rooney  and  R.  H-  Stone) 


FIG.  15.06-4  TEoi-MODE  ATTENUATION  AND  VSWR  OF 
DISSIPATIVE  FILTER  *HOSE  DIMENSIONS 
ARE  GIVEN  IN  TABLE  15.06-1 


Other  types  of  harmonic - absorbi ng  waveguide  filters  with  secondary 
waveguides  have  also  been  built.  One  of  the  more  promising  variations 
on  this  theme  has  been  the  use  of  circular  instead  of  rectangular 
secondary  waveguides,  open-ended  into  the  rectangular  central  waveguide. 
The  secondary  guides  may  or  may  not  be  loaded  with  dielectric  material, 
but  in  any  case  must  be  cutoff  in  the  pass  band,  and  have  to  start  propa¬ 
gating  at  some  frequency  below  the  second  harmonic. 

SEC.  15.07,  DISSIPATIVE  COAXIAL- LINE  FILTERS 

Dissipative  low-pass  filters  can  also  be  constructed  in  coaxial  line 
to  suppress  the  spurious  power  from  high-power  transmitters.  Their 
principle  of  operation  is  essentially  the  same  as  that  of  the  waveguide 
dissipative  filters  discussed  in  Sec.  15.06.  The  stop-band  attenuation 
per  unit  of  length  of  the  TEM  mode  in  a  typical  coaxial  dissipative 
filter  is  greater  than  that  of  the  lowest  mode  in  a  typical  waveguide 
dissipative  filter  because  the  characteristic  impedance  of  the  central 
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transmission  line  ia  lower.  However,  the  pulse-power  capacity  is  less 
for  a  coaxial  filter  because  the  pulse-power  capacity  of  the  best  couxiul 
line  is  leas  than  that  of  standard  waveguide  in  the  same  frequency  rung*;. 

Experimental  models  of  coaxial  dissipative  filters  have  been  built 
by  F..  G.  Cristal.®  One  model  has  a  pass-band  cutoff  frequency  of  1.7  Gc 
and  a  characteristic  impedance  of  50  ohms.  The  inside  diameter  of  the 
outer  conductor  ia  1.527  inches  while  the  diameter  of  the  inner  conductor 
is  0.664  inch.  Twenty-one  rectangulor-slot  pairs  were  cut  in  the 
0. 040- inch-thick  coaxial  line  wall  and  were  spaced  0.400  inch  apart 
center  to  center.  The  width  of  each  slot  was  0.25  inch,  and  each  slot 
subtended  an  angle  of  150  degrees  at  the  axis.  In  addition,  ten  smaller 
slots  were  cut  in  the  coaxial  line  in  the  regions  ahead  of  and  behind 
the  twenty-one  main  slots;  the  added  slots  were  arranged  to  form  a  tapered 
sequence  so  as  to  improve  the  impedance  match  in  the  pass  band. 

The  secondary  waveguides  were  0.375  inch  high  and  3.5  inches  wide, 
corresponding  to  a  cutoff  frequency  of  1.7  Gc .  The  length  of  the  secondary 
waveguides  ia  about  12  inches,  but  this  length  could  be  reduced.  Each  of 
the  secondary  waveguides  was  terminated  with  resistive  Teledeltos*  paper. 
(Each  loud  was  found  to  be  able  to  dissipate  at  least  three  watts  average 
power  without  cooling.)  Figure  15.07-1  shows  a  sketch  of  the  filter 
(without  the  tapered  slots).  Its  measured  attenuation  to  the  dominant 
TEM  mode  is  shown  in  Fig.  15.07-2,  for  several  values  of  the  coaxial  line 


SOIIHCK1  Technical  Nuie  4,  Contrai  l  AT  JlMMHKWVi,  SHI 
(Ser  SO  by  K.  (».  Oinlwl) 


FIG.  15.07-1  COAXIAL  LEAKY-WAVE  FILTER 


Obtimabl*  f r o«  Micro  Circuits  Co.,  Now  Buffalo,  Michigan. 
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FREQUENCY  —  0« 

SOURCKl  Quarterly  I’rogrrma  Report  3,  Contract  AK  30(602)-2734,  SRI  (See  Ref.  23  by  1C.  0.  Criatal  el  aU 

FIG.  15.07-2  ATTENUATION  OF  EXPERIMENTAL  COAXIAL  LEAKY-WAVE 
FILTER  TO  A  TEM  WAVE  FOR  VARIOUS  LINE  IMPEDANCES 


impedance,  from  50  ohms  to  20  ohms.  The  impedance  was  adjusted  by 
changing  the  diameter  of  the  inner  conductor  from  0.664  inch  (for  50  ohms) 
on  up.  It  can  be  seen  from  Fig.  15.07-2  that  the  attenuation  to  the  TEM 
mode  is  substantial  over  a  very  wide  frequency  band,  for  all  line  imped¬ 
ances,  and  that  the  attenuation  increases  as  the  impedance  decreases. 

The  TE1{  mode  propagates  above  3.5  Gc .  A  TE,t  mode  launcher  was 
constructed  and  the  attenuation  of  the  coaxial  leaky-wave  filter  was 
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■easured  to  two  polar i tat  ion*  of  the  TE(l  Mode:  in  one  polarisation  the 
currents  try  to  cross  the  slots  and  are  attenuated  strongly,  the  over-all 
attenuation  being  about  equal  to  that  for  the  TEM  mode.  In  the  other 
polarisation,  the  slots  do  not  perturb  the  current  flow  so  much,  and  the 
coupling  through  the  slots  ia  much  weaker;  the  measured  attenuation  in  db 
was  about  one-fifth  of  that  for  the  orthogonal  TF.tl  polarization  and  the 
TEM  mode.  One  way  to  ensure  high  attenuation  for  the  TE,j  mode  in  all 
polarisations  is  to  use  two  filters  in  cascade,  hut  arranged  with  their 
transverse  geometry  orthogcnal.  At  the  time  of  this  writing,  other  possi¬ 
bilities  are  still  under  consideration. 

The  shape  and  sise  oi  single  slots  were  varied  experimentally  in 
order  to  determine  the  configuration  for  maximum  coupling  in  the  stop 
band.  For  example,  dumbbell  slots  can  be  made  to  resonate  at  lower  fre¬ 
quencies  than  plain  rectangular  slots,  and  thus  give  slightly  stronger 
coupling  near  the  cutoff  frequency,  but  it  is  doubtful  whether  the  small 
improvement  ia  worth  the  mechanical  complication  for  most  applications. 

A  numerical  analysis  for  some  idealized  cases  was  also  undertaken  to  dis¬ 
cover  the  dependence  of  the  stop-band  attenuation  on  the  various  parameters 
involved.  The  slots  were  closely  spaced  in  every  case.  Doubling  the 
number  of  slots  and  secondary  waveguides  per  unit  length  did  not  appreci¬ 
ably  increase  the  attenuation,  when  the  slot  widths  and  waveguide  heights 
had  to  be  halved  to  allow  for  twice  as  many  slots.  The  greatest  attenu- 
atioii  and  the  flattest  frequency  response  resulted  from  the  widest  slots 
(slot  width  equal  to  waveguide  height). 

The  VSWR  of  the  50-ohm  filter  in  the  nominal  pass  band  of  1.2  to 
1 . 4  Gc  was  found  to  be  less  than  1.09.  In  the  stop  band,  the  VSWR  for 
the  TEM  mode  was  less  than  1.5  from  the  second  to  the  fifth  harmonic, 
inclusive. 
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CHAPTER  16 


MULTIPLEXER  DESIGN 


SEC.  16.01,  1NTHOOUCTION 

Aa  was  discussed  in  Sec.  1.02,  filters  connected  in  parallel  or 
in  series  are  often  needed  in  order  to  split  a  single  channel  carrying 
■any  frequencies  into  a  nuaber  of  separate  channela  carrying  narrower 
bands  of  frequencies.  Siailar  filter  groups  are  often  required  also 
for  the  inverse  process  of  auaaing  a  nuaber  of  channela  carrying 
different  bands  of  frequenciea 
ao  that  all  of  the  frequencies 
can  be  put  in  a  single  broad¬ 
band  channel  without  loss  of 
energy  (which  would  otherwise 
occur  due  to  leakage  of  energy 
froa  any  one  of  the  input 
channels  into  the  other  input 
channels). 
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FIG.  16.01-1  A  THREE-CHANNEL 
MULTIPLEXING 
FILTER  GROUP 


Figure  16.01-1  shows  a 
three-channel  Multiplexer  which 
would  use  three  separate  band¬ 
pass  filters,  one  to  providethe 
2.0-  to  2.6-Gc  channel,  a  sec¬ 
ond  to  provide  the  2.6-  to 
3.3-Gc  channel,  and  a  third  to 
provide  the  3.3-  to  4.0-Cc 
channel.  It  night  at  first 

appear  that  the  design  of  this  multiplexer  could  easily  be  accoaplished 
by  designing  the  filters  using  any  of  the  band-pass  filter  design  pro¬ 
cedures  previously  discussed  in  this  book,  and  then  connecting  the 
filters  in  parallel,  however,  though  the  procedures  previously  dis¬ 
cussed  are  useful  for  Multiplexer  design,  they  should  be  used  along 
with  special  techniques  in  order  to  avoid  undesirable  interaction 
between  the  filters,  which  could  result  in  very  poor  performance. 


Mott  of  the  discuttioni  in  thit  chapter  relate  to  the  problem  of  design 
to  at  to  eliminate  auch  undesirable  interaction  effectt.  However,  the 
conatant- resistance- f i 1  ter  approach  discussed  in  the  next  section  avoids 
thit  problem  entirely  by  using  di rectional - f i 1  ter  units  which  have 
matched,  constant- resistance  input  impedances  at  all  frequencies  so  that 
in  theory  no  interaction  effects  should  occur. 

SEC.  16.02,  MULTIPLEXERS  USING  DIRECTIONAL  FILTERS 

The  dir'.'ional  filters  discussed  in  Chapter  14  have  a  constant- 
resistance  i_t  impedance  provided  that  their  output  ports  are  termi¬ 
nated  in  t:iei  r  proper  resistance  terminations.  Filters  of  this  sort, 
when  all  designed  for  the  same  terminating  resistance,  can  be  cascaded 
as  shown  in  Fig.  16.02-1  to  form  a  multiplexer  which  in  theory  com¬ 
pletely  avoids  the  filter  interaction  problem  mentioned  in  Sec.  16.01. 
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FIG  16.02-1  EXAMPLE  OF  DIRECTIONAL  FILTERS  USED 
FOR  MULTIPLEXING 


Each  filter  provides  the  proper  termination  for  its  neighbor,  so  that 
to  the  extent  that  there  are  no  residua]  VSWR's  due  to  design  and 
manufacturing  imperfections,  the  system  i3  reflectionless.  In  Fig.  16.02-1, 
Filter  a  removes  all  of  the  energy  at  frequency  /  ,  but  passes  on  the 
energy  at  all  other  frequencies.  Filter  b  removes  the  energy  at 
frequency  /t  and  so  on. 

The  use  of  directronal  filters  for  multiplexing  is  a  conceptually 
simple  and  elegant  way  of  solving  the  multiplexer  problem.  In  many 
cases  it  is  also  a  very  practical  way  of  dealing  with  multiplexing 
problems,  though  by  no  means  always  the  most  practical  way.  Each  filter 
will  generally  have  some  parasitic  VSWR,  which  will  affect  the  system 
significantly  if  many  filtera^re  to  be  cascaded.  However,  probably 
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the  greatest  practical  drawback  of  directional  filters  is  that  each 
resonator  of  each  filter  has  two  different  orthogonal  nodes,  and  if 
more  than  one  or  two  resonators  are  required  per  filter,  the  tuning  of 
the  filters  nay  be  difficult.  Although  an  effort  ia  made  to  tune  the 
two  nodes  of  each  resonator  independently  with  separate  sets  of  tuning 
screws,  the  tuning  screws  for  one  mode  generally  have  some  effect  on 
the  other  mode,  so  that  some  iteration  in  the  tuning  process  is  generally 
required.  Thus,  if  there  are  more  than,  say,  two  resonators  per  filter, 
the  fact  that  the  two  nodes  in  each  resonator  must  be  tuned  separately, 
along  with  unavoidable  interaction  effects  in  the  tuning  mechanism,  can 
make  the  tuning  process  quite  time  consuming. 

Figure  16.02*2  shows  another  form  of  directional  filter  which  also 
has  the  constant- resistance  input  properties  exhibited  by  the  filters 
in  Chapter  14. In  this  circuit  two  hybrid  junctions  arc  used,  such 
as  the  3-db  couplers  in  Sec.  13.03,  the  3-db  branch-guide  couplers 
treated  in  Sees.  13.12  and  13.13,  short-slot  hybrids,  or  Magic-T's.  In 
the  case  of  the  Magic-T,  an  extra  quarter-wavelength  of  line  is  required 
on  one  of  the  aide  ports  of  the  hybrid  in  order  to  give  the  desired 
90-degree  phase  difference  between  the  outputs  of  the  side  ports  of  the 
hybrid.  In  Fig.  16.02-2,  the  required  phase  relations  for  transmission 
between  the  various  ports  is  indicated  by  arrows  and  numbers. 


FIG.  16.02-2  A  TYPE  OF  DIRECTIONAL  FILTER  FORMED  FROM  TWO  BAND-PASS 
FILTERS  AND  TWO  HYBRIDS 
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Besides  the  hybrid  junctions,  the  circuit  in  Fig.  16.02-2  also 
uses  two  identical  band-psss  filters  which  are  designed  to  pass  some 
frequency  /a,  which  the  circuit  is  to  separate  from  other  frequencies. 

Thus,  if  four  frequencies  /a,  f k ,  f  ,  and  f4  are  introduced  at  Port  1, 
the  energy  at  frequency  /a  is  divided  equally  between  the  two  side  arms  of  the 
hybrid  on  the  left,  it  passes  through  the  two  band-pass  filters,  and  on 
into  the  side  arms  of  the  hybrid  on  the  right.  Because  of  the  phase 
relations  of  the  two  components,  the  signal  cancels  to  zero  at  Port  3, 
and  all  of  the  energy  at  frequency  /  emerges  from  Port  4.  Meanwhile 
the  other  frequencies  / t,  /  ,  and  are  reflected  by  the  band-pass 
filters  and  they  re-enter  the  side  arms  of  the  hybrid  on  the  left. 

Because  of  the  phase  relation,  the  components  cancel  at  Port  1  and  all 
of  the  energy  at  these  frequencies  emerges  from  Port  2.  The  over-all 
performance  of  this  circuit  is  just  like  that  of  the  directional  filters 
in  Chapter  14,  and  filter  circuits  of  this  type  may  also  be  cascaded  as 
indicated  in  Fig.  16.02-1. 

The  circuit  in  Fig.  16.02-2  will  usually  be  much  easier  to  adjust 
than  the  directional  filters  in  Chapter  14,  if  there  are  very  many 
resonators  per  filter.  The  two  identical  band-pass  filters  can  be  tuned 
separately,  and  the  performance  of  the  hybrid  junctions  is  not  particularly 
critical.  For  example,  . ii  the  power  split  of  the  hybrid  junction  is  not 
equal,  and,  say,  is  so  bad  that  twice  as  much  power  comes  out  one  side 
arm  as  comes  out  the  other,  the  net  result  if  both  hybrids  are  identical 
will  be  to  introduce  only  0.5  db  of  attenuation  in  the  transmission  from 
Port  1  to  Port  4?  The  circuit  in  Fig.  16.02-2  has  the  drawback,  however, 
of  being  physically  quite  complicated  and  in  many  cases  quite  bulky. 

In  summary,  directional  filters  with  their  constant- resistance 
input  properties  provide  attractive  possibilities  for  use  in  multiplexers. 
However,  they  also  have  appreciable  practical  drawbacks.  In  any  given 
design  situation  their  merits  and  drawbacks  should  be  weighed  against 
those  of  other  possible  multiplexer  techniques. 

SEC.  16.03,  MULTIPLEXERS  USING  HEFLECTING  NARROW-BAND 
FILTERS,  WITH  GUARD  BANDS  BETWEEN  CHANNELS 

If  the  channels  of  a  multiplexer  are  quite  narrow  (say,  of  the 
order  of  1  percent  bandwidth  or  less)  and  if  the  channels  are  separated 
by  guard  bands  which  are  several  times  the  pass-band  width  of  the 
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individual  filtera  (or  more),  then  varioua  relatively  simple  decoupling 
techniques  should  work  quite  well  for  preventing  harmful  interaction 
between  filtera. 

One  method  is  shown  in  Fig.  16.03-1.  1,4  In  this  figure  a  three- 
channel  waveguide  multiplexer  is  shown;  the  individual  filters  are  of 
the  iris-coupled  type  discussed  in  Secs..  8.06  and  8.07.  At  frequency 
/(l  the  filter  on  the  right  has  a  pass  band  while  the  other  two  filters 
are  in  their  stop  bands.  Since  the  filters  are  of  relatively  narrow 
bandwidth,  the  first  resonator  of  both  the  upper  and  the  lowi-r  filter 
ia  relatively  loosely  coupled  to  the  main  waveguide,  hence  the  input 
coupling  irises  of  these  two  filters  introduce  only  small  reactive 
discontinuities  in  the  main  waveguide.  These  discontinuities  will 
disturb  the  response  of  the  filter  on  the  right  a  little,  and  if  this 
is  objectionable,  it  can  be  compensated  for  by  small  corrections  in 
the  tuning  and  input  coupling  of  the  first  resonator  of  the  filter  on 
the  right. 


FIG.  16.03-1  A  MULTIPLEXER  WITH  NARROW-BAND  WAVEGUIDE 
FILTERS  MOUNTED  SO  AS  TO  ELIMINATE  FILTER 
INTERACTION 


At  frequency  fk  the  upper  filter  in  Fig.  16.03-1  haa  a  pasa  band 
while  the  other  filters  have  atop  bands  and  reflect  small  reactances  to 
the  main  quide.  If  the  upper  filter  is  placed  approximately  one-quarter 
guide- wavel ength  (at  frequency  f h)  from  the  input  iris  of  the  filter  on 
the  right,  the  filter  on  the  right  will  reflect  an  open  circuit  to  the 
plane  of  the  coupling  iris.  (Actually,  because  of  the  residual  reactances, 
somewhat  less  than  a  quarter  wavelength  should  be  best.)  Thus,  the 
filter  on  the  right  will  be  completely  decoupled,  and  the  energy  at 
frequency  /t  will  flow  relatively  undisturbed  out  through  the  upper 
filter.  There  will  usually  be  some  residual  junction  effects  to  disturb 
the  performance  of  the  upper  filter  a  little.  Again,  these  effects  can 
be  compensated  for  by  small  corrections  in  the  input  coupling  iris  site 
and  in  the  tuning  of  the  first  resonator  of  the  upper  filter. 

The  lower  filter  is  coupled  to  the  main  waveguide  in  a  similar 
manner.  If  it  is  desired  to  add  more  channels,  they  can  be  mounted  on 
the  main  waveguide  at  additional  points  corresponding  to  various  odd 
multiples  of  \(/4  from  the  filter  on  the  right  in  Fig.  16.03-1  (where 
is  in  each  case  the  guide  wavelength  at  the  midband  frequency  of  the 
filter  in  question). 

Figure  16.93-2  shows  another  decoupling  technique,  which  has  been 
proposed  by  J.  F.  Cline.6  Although  the  circuits  have  been  drawn  in 
lumped-element  form,  they  can  be  realized  in  a  variety  of  more  or  less 
equivalent  microwave  forms.  In  this  case  the  filters  are  again  assumed 
to  be  narrow  band,  with  guard  bands  between  channels.  However,  in  this 
case  decoupling  between  filters  is  achieved  by  a  decoupling  resonator 
adjacent  to  each  filter.  Since  the  filters  are  narrow  band,  their 
coupling  to  the  main  transmission  line  is  quite  loose,  and  the  coupling 
between  the  decoupling  resonator  and  the  main  line  is  also  quite  loose. 
Each  decoupling  resonator  is  tuned  to  the  pass-band  center  frequency  of 
its  adjacent  filter.  Because  of  their  loose  couplings  the  filters  and 
the  decoupling  resonators  have  very  little  effect  on  transmission  when 
they  are  off  resonance,  Suppose  that  a  signal  of  frequency  f1  enters 
the  circuit.  It  will  puss  the  /t  filter  and  the  /{  decoupling  resonator 
with  very  little  reflection  and  go  on  to  the  /2  filter  and  decoupling  res¬ 
onator.  The  decoupling  resonator  is  a  band-stop  resonator  and  in  the 
upper  circuit  of  Fig.  16.03-2  the  f2  decoupling  resonator  circuit  will  short-circuit 
the  entire  circuit  to  the  right,  while  in  the  case  of  the  lower  circuit 
of  Fig.  16.03-2  the  decoupling  resonator  open-circuits  the  entire  circuit 
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SHUNT  CONNECTION 

SOURCE:  Final  Rayort,  Coatracl  AF  W60S1-2247,  SRI 
(saa  Rat.  6  by  J.  F.  Cliaa,  *<  aJ.) 


FIG.  16.03-2  MULTIPLEXERS  USING  DECOUPLING  RESONATORS 

In  the  upper  structure  filters,, with  inductively  coupled  resonators  are 
used,  vdiile  the  decoupling  resonators  are  capacitively  coupled.  In 
the  lower  circuit  the  reverse  is  true. 
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to  the  right.  In  this  manner  the  energy  it  channelled  to  the  desired 
filter  with  a  minimum  of  interaction  effects.  Note  that  in  this  case 
the  spacing  between  filters  is  not  critical,  so  thBt  this  multiplexing 
technique  is  particularly  useful  where  it  must  be  possible  to  tune  the 
various  filters  over  a  range  of  frequencies.  In  the  figure  the  spacing 
between  each  filter  and  its  decoupling  resonator  is  assumed  to  be 
made  as  small  aa  possible  in  order  to  avoid  undesirable  transmission- 
line  effects.  Residual  reflections  in  the  system  can  be  largely  compen¬ 
sated  for  by  small  adjustments  of  the  tuning  of  the  first  resonator  of 
each  filter,  and  of  the  coupling  between  the  transmission  line  and  the 
input  of  each  filter. 

A  possible  way  for  utilising  the  principle  in  Fig.  16.03-2  for 
waveguide  filters  is  suggested  in  Fig.  16.03-3.  The  band-pass  filter 
shown  is  of  the  iris-coupled  type  discussed  in  Secs.  8.06  and  8.07.  The 
decoupling  resonator  is  of  the  waveguide  band  stop  type  discussed  in 
Chapter  12.  The  band-stop  resonator  presents  a  very  large  series 
reactance  when  it  is  resonnnt,  but  this  resonator  is  located  a  quarter- 
guide  -  wavel  eng  th  from  the  band-pass  filter  so  that  when  looking  right 
from  the  band-pass  filter  a  very  large  shunt  suaceptance  will  be  seen 
when  the  filter  and  band-stop  resonator  are  resonant.  The  filter,  being 
seriea-connecte  will  then  receive  all  of  the  energy  at  frequency  /  , 
and  any  circuits  to  the  right  will  be  completely  decoupled.  Just  outside 
of  the  pass  band  of  the  band-pass  filter,  the  first  resonator  of  the 
band-pass  filter  will  present  reactances  to  the  main  waveguide  which 
are  similar  in  nature  to  those  presented  by  the  band-stop  resonator. 

Thus  at  frequencies  off  /  ,  the  structure  functions  almost  exactly  like 
a  two- resonator  band-stop  filter  of  the  form  in  Fig.  12.08-1,  operating 
in  its  pass  band.  It  should  be  possible  to  design  the  band- stop  res¬ 
onator  using  the  band- stop  filter  techniques  discussed  in  Chapter  12. 

(The  band-pass  filter  is  replaced  mathematically  by  a  band-stop  resonator 
having  a  similar  off- resonance  reactance  characteristic,  and  the  decoupling 
resonator  represents  the  second  band-stop  resonator.)  Using  this  approach 
the  bandrpaas  filter  and  band-stop  resonator  combination  could  present  a 
wel 1 -control  1 ed  low  VSWR  at  frequencies  off  /s,  just  as  occurs  in  prop¬ 
erly  designed  two-resonator  band-stop  filters. 

The  approach  suggested  in  Fig.  16.03-2  and  16.03-3  looks  especially 
attractive  if  very  many  channels  are  to  be  multiplexed,  because  using 
this  approach  the  individual  band-pass  filter  and  decoupling  resonator 
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FIG.  16.03-3  A  POSSIBLE  METHOD  FOR  REALIZING  DECOUPLING 
RESONATORS  IN  A  WAVEGUIDE  MULTIPLEXER 


units  can  be  developed  and  tested  separately)  and  then  connected 
together  more  or  less  as  is  convenient.  Strip-line,  coaxial  - 1 ine,  and 
semi-lumped-element  forms  of  these  structures  are  also  possible. 

SEC.  16.04,  MULTIPLEXERS  WITH  CONTIGUOUS  PASS  BANDS* 

The  multiplexers  discussed  in  the  preceding  section  were  assumed 
to  have  guard  bands  separating  the  various  operating  channel  bands. 


The  design  equations  and  trial  designs  in  this  section  were  worked  out  by  E.  G.  Cristsl. 
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The  Multiplexer*  to  be  diseuaaed  in  this  section,  however,  are  asauaied 
to  have  contiguous  channels  so  that  channel  a  which  are  adjacent  hav* 
attenuation  characteristics  which  typically  crosa  over  at  their  3  db 
pointa.  Moat  diplexera  are  aiaiply  two-channel  versions  of  multiplexers, 
so  the  saaie  principles  apply  to  them.  However,  some  additional  comments 
with  respect  to  diplexer  design  will  be  found  in 'Sec.  16. OS. 

Figure  16.04-1  shows  a  schematic  drawing  which  consists  of  N 
channels  composed  of  specially  designed  band-pass  filters.  The  channels 
sre  connected  in  parallel,  and  a  susceptance- annul  1 ing  network  is  added 
in  shunt  to  help  provide  a  nearly  constant  total  input  admittance  YTI/ 
which  approximates  the  generator  conductance  Cg,  across  the  operating 
band  of  the  multiplexer.  Figure  16.04-2  shows  the  analogous  case  of  a 
series-connected  multiplexer.  Since  the  series  case  is  the  exact  dual 
of  the  shunt  case,  so  that  the  same  principles  apply  to  both,  our  attention 
will  be  confined  largely  to  the  shunt  case.  However,  it  should  be  under¬ 
stood  that  the  same  remarks  apply  to  series-connected  multiplexers  simply 
by  replacing  admittances  by  impedances,  parallel  connections  by  series 
connections,  and  the  filters  and  annulling  networks  used  for  parallel 
connections  by  their  duals. 

The  singly  terminated  low-pass  filter  Tchebyscheff  prototypes 
discussed  and  tabulated  in  Sec.  4.06  are  very  useful  for  use  in  the  design 
of  band-pass  filters  for  multiplexers  of  this  type.  Consider  the  singly 
terminated  low-pass  filter  circuit  in  Fig.  16.04-3,  which  is  driven  by 
a  aero- impedance  generator  at  the  right  end  and  which  has  a  resistor 
termination  only  at  the  left  end.  As  was  discussed  in  Sec.  4.06,  the 
power  delivered  to  the  load  on  the  left  in  this  circuit  is  given  by 

P  -  |  Re  r;  ( 16.04-1) 

where  Fj  is  the  admittance  seen  from  the  generator.  Thus  if  the  filter 
has  a  Tchebyscheff  transmission  characteristic,  Re  F'  must  also  have  a 
Tchebyscheff  characteristic.  Figure  16.04-4  shows  typical  Re  F'  character¬ 
istics  for  Tchebyscheff  filters  designed  to  be  driven  by  aero- impedance 
generators.  Notice  that  in  the  figure  a  low-pass  prototype  filter 
parameter  g’+l  is  defined.  This  parameter  will  be  referred  to  later 
with  regard  to  the  details  of  multiplexer  design.  However,  it  should 
be  noted  at  this  point  that  either  g'+1  or  its  reciprocal  corresponds 
to  the  geometric  mean  between  the  value  of  Re  F'  at  the  top  of  the 


reactance  annulling 


FIG.  16.04-2  A  SERIES-CONNECTED  MULTIPLEXER 
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ripple*  and  Re  F'  at  the  bottom  of  the  ripplea,  Thia  admittance  level 
for  the  low-pass  prototype  is  analogous  to  the  terminating  admittance 
Gj  in  Fig.  16.04*1.  for  the  actual  multiplexer  with  band-pass  filters. 

That  ia,  by  the  methoda  of  thia  aection  the  multiplexer  ia  to  be 
designed  to  have  a  Tchebyacheff  Re  Y  TH  characteristic  with  Cg  equal  to 
the  mean  value  of  the  ripplea. 

The  principles  of  this  design  procedure  are  most  easily  understood 
in  terms  of  an  example.  Consider  the  comb-line  filter  in  Fig.  16.04-S 
(which  can  be  designed  by  a  modified  version  of  the  comb-line  filter 
design  techniques  discussed  in  Secs.  8.13  and  8.14).  In  this  figure 
the  filter  has  been  designed  to  include  a  fine-wire  hi gh- impedance  line 
at  the  right  end,  for  coupling  to  the  common  junction  of  the  multiplexer. 
This  type  of  coupling  to  the  main  junction  has  the  advantage  of  relieving 
possible  crowding  of  the  filters  at  the  common  junction.  Other  coupling 
methods,  such  as  aeries,  capaci ti ve- gap  coupling,  could  also  be  used. 
However,  it  should  be  noted  that  although  numerous  types  of  filter 
structures  and  structures  for  coupling  to  the  common  junction  are  possible, 
these  structures  must  be  of  the  sort  which  tends  to  give  a  small  suscep- 
tance  in  the  atop  bands,  if  the  filters  are  to  be  connected  in  parallel. 

If  the  filters  were  of  the  type  to  present  large  susceptances  in  their 
stop  bands,  they  would  tend  to  short-circuit  the  other  filters. 

A  four- resonator,  10-percent-bandwidth  filter  design  was  worked  out 
for  a  comb-line  filter  ns  shown  in  Fig.  16.04-5  using  an  n  ■  4  singly 
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FIG.  16.04-5  A  POSSIBLE  COMB-LINE  FILTER  CONFIGURATION 
FOR  USE  IN  MULTIPLEXERS 
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FIG.  16.04-4  COMPUTED  INPUT  ADMITTANCE  CHARACTERISTIC  OF  A 

COMB-LINE  MULTIPLEXER  FILTER  AS  SHOWN  IN  FIG.  16.04-5 
Thi*  filter  ho*  four  resonator* 


terminated  prototype  having  1-db  ripple.  (The  prototype  element  value* 
were  obtained  froa  Table  4.06-2).  Thi*  filter  design  was  expressed  in 
an  approximate  fora  siailar  to  that  in  Fig.  8.14-1.  and  its  input 
adaittance  Y k  was  computed  using  a  digital  computer.  The  results  are 
shown  in  Fig.  16.04-6.  normalized  with  respect  to  GA.  Note  that 
Be  Yk  /Ga  is  very  nearly  perfectly  Tchebyschef f ,  while  in  the  pass  band 
the  slope  of  I  a  Yk/GA  is  negative  on  the  average.  (Note  that  the  right 
half  of  the  dashed  curve  is  for  negative  values.) 

If  band-pass  filters  with  input  admittance  characteristics  such 
as  that  in  Fig.  16.04-6  are  designed  to  cover  contiguous  bands,  and  if 
they  are  designed  so  that  the  Re  YA/GA  characteristics  of  adjacent 
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filters  overlap  at  approximately  their  Re  Y JG A  *  0.5  points  or  slightly 
below,  then  their  total  input  admittance  Yf  =  Y j  +  V2  +  F3  .  . .  +  F  when 
they  are  paralleled,  will  also  have  an  approximately  Tchebyscheff  real- 
part  characteristic.  This  was  done  in  the  example  in  Fig.  16 . 04-7 ( a ) . 

This  figure  shows  the  computed  real-part  characteristic  for  three  paral¬ 
leled,  comb-line  filters  with  contiguous  pass  bands,  where  the  individual 
filters  have  input  admittance  characteristics  as  shown  in  Fig.  16.04-6 
except  for  a  shift  in  frequency.  Figure  16.04-7(b)  shows  the  correspond¬ 
ing  / m  Yj./6'4  characteristic  for  this  t hree - channe 1  design. 

Note  that  the  In  YT/GA  characteristic  in  Fig.  l6.04-7(b)  is  negative 
on  the  right  side  of  the  figure,  and  that  on  the  average  the  slope  of  the 
curve  is  negative  throughout  the  operating  hand  of  the  multiplexer.  Since, 
by  Foster’s  reactance  theorem,  the  snsceptance  slope  of  a  lossless  network 
is  always  positive,  the  ope  rat i ng- hand  susceptance  in  Fig.  16 . 04- 7 ( b )wi t h 
its  average  negative  slope  can  be  largely  cancelled  by  adding  an  appro¬ 
priate  lossless  shunt  branch  (which  will  have  a  positive  susceptance 
slope).  In  this  case  a  susceptance- annul  1  inp  branch  could  consist  of  a 
short-circuited  stub  of  such  a  length  as  to  give  resonance  at  the  normal¬ 
ized  frequency  u>/u>#  *  1.02,  where  the  In  Yf  /C.‘ 4  curve  in  Fig.  l6.04-7(b)  is 
approximately  zero.  Kstimates  indicate  that  if  the  stub  had  a  normalized 
characteristic  admittance  of  V  /(«4  =  3.0502,  the  susceptance  slope  of  the 
annulling  network  should  be  about  right.  Figure  16.04-8  shows  the  normal¬ 
ized  susceptance  V (Fig.  16.04-1)  after  the  suscept once- annu 1 1 i ng 
network  has  been  added.  Note  that  although  In  )  has  not  been  completely 
eliminated,  it  has  been  greatly  reduced. 

Since  Re  )  ^  “  Re  Yj./(i'4,  the  total  input  admittance  )  with  the 

annulling  network  in  place  is  given  by  Figs.  1 6 . 04 -7(a)  and  16.04- P.  To 
the  extent  that  Y  T/l  approximates  a  constant,  pure  conductance  across  the 
operating  band,  Gg  and  Y?.w  in  Fig.  16.04-1  will  act  as  a  resistive  voltage 
divider,  and  the  voltage  developed  across  terminals  A  -  A’  will  be  con¬ 
stant  with  frequency.  Under  these  conditions  the  response  of  the  indi¬ 
vidual  filters  would  be  exactly  the  sume  as  if  they  were  driven  by  zero- 
impedance  generators  (as  they  were  designed  to  be  driven).  However,  since 
YTfl  only  approximates  a  pure  constunt  conductance,  the  performance  will  be 
altered  somewhat  from  this  idealized  performance. 

The  driving  generator  conductance  Gg  for  the  trial  multiplexer 
design  was  given  a  normalized  value  of  f •  B / < •  ^  ■  1.15,  which  makes  the 
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FIG.  16.04-7(o)  Ro  YT/GA  v«.  FREQUENCY  FOR  THREE,  PARALLELED, 
COMB-LINE  MULTIPLEXER  FILTERS 


FIG.  16.04.7(b)  Im  YX/GA  FREQUENCY  FOR  THREE,  PARALLELED, 
COMB-LINE  FILTERS 


972 


ABSOLUTE  VALUE.  NORMALIZED  In*  YTn/G* 


FIG.  16.04-8  Im  Ytn/Ga  v*.  FREQUENCY  FOR  MULTIPLEXER  WITH  COMB-LINE  FILTERS 


generator  conductance  equal  to  the  mean  value  of  the  ripples  in 
Fig.  16.04-7(a).  Figure  16.04-9(a)  shows  the  computed  response  of  the 
multiplexer,  while  Fig.  16.04-9(b)  shows  the  details  of  the  pass-band 
response  in  enlarged  scale.  Note  that  the  attenuation  characteristics 
cross  over  at  about  the  3-db  points,  and  that  though  the  filters  were 
designed  to  have  1-db  Tchcbyscheff  ripple  when  driven  by  a  zero- impedance 
generator,  the  pass-band  attenuation  is  much  less  than  that  in  the 
completed  multiplexer.  This  is  due  lurgely  to  the  fact  that  adding  the 
generator  internul  conductance  tends  to  mask  out  the  variations  in 
He  Frjy.  Also,  choosing  to  be  equal  to  the  mean  value  of  Re  YTf)  in 
the  operating  baud  tends  to  reduce  the  amount  of  mismatch  that  will  occur. 

Some  Practical  Details  —  The  discussion  of  the  example  above  has 
laid  out  the  principles  of  the  multiplexer  design  technique  under 
consideration.  Some  steps  will  now  be  retraced  in  order  to  treat  design 
details. 

When  designing  the  bund-pass  channel  filters  using  singly  termi- 
nuted  prototype  filters  such  as  that  in  Fig.  16.04-3,  the  prototype 
element  values  gQ,  g^ . g^,  g  can  be  obtained  from  the  tables 
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in  Sec.  4.06.  Note  then  in  this  case  g#+1  *  which  corresponds  to  the 
infinite- internal -conductance  of  a  zero-iirpedance  voltage  generator  (or 
for  the  dual  case, the  impedance  of  an  infinite- internal -impedance  current 
generator).  In  the  actual  multig>lcxer  the  filters  will  be  driven  by  a 
finite- inte rnal - impedance  generator,  so  it  is  convenient  to  replace 
g  + ,  *  “*  by  g“+1  defined  in  Fig.  16.04-4.  As  has  been  previously  dis¬ 
cussed,  g*+1  (or  its  reciprocal)  is  a  prototype  parameter  corresponding 
to  the  conductance  G'g  (or  the  resistance  for  the  dual  seri es- connected 
case)  ol'  the  termination  to  be  used  at  the  common  junction  of  the 
multiplexer. 

The  band-pass  fillers  for  a  multiplexer  can  be  designed  by  the 
methods  of  Chapter  8  or  Chapter  10,  using  any  of  a  variety  of  structures. 
For  example,  if  a  1 umped- el  ament  structure  were  desired  it  could  be 
designed  directly  from  the  prototype  in  Fig.  16.04-3  using  the  mapping 
procedure  summarized  in  Fig.  8.02-2(b).  The  resulting  filter  would  be 
as  shown  in  Fig.  16.04-10.  Note  that  this  filler  starts  out  with  a 
series  resonator,  which  will  cause  the  input  admittance  Yk  to  be  small 
in  the  stop  band.  This  is  necessary  for  a  filter  to  be  used  in  a 
paral lei -connected  multiplexer.  The  dual  form  of  filter  which  has  a 
shunt  resonator  at  its  input  is  appropriate  for  a  ser i es- connec ted 
multiplexer.  In  the  cases  of  filters  such  as  those  in  Fig.  8.02-3  or 
8.02-4  in  which  the  resonators  are  coupled  by  J-  or  K-inverters  (Secs.  4.12, 
8.02  and  8.03),  it  is  necessary  that  the  inverters  next  to  the  common 
junction  of  the  multiplexer  be  of  the  J-inverter  type  (Fig.  8.03-2)  if 
the  filters  are  to  be  connected  in  parallel,  and  that  they  be  of  the 
A-inverter  type  (Fig.  8.03-1)  if  the  filters  are  to  be  connected  in  series. 


FIG.  16.04-10  A  LUMPED-ELEMENT  BAND-PASS  CHANNEL  FILTER  - 
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Most  of  the  design  data  in  Chaptera  8  and  10  applies  directly  to 
the  design  of  multiplexers  without  any  changes,  at  least  for  the  case 
where  the  deaired  terainationa  of  the  Multiplexer  are  all  equal.  Some 
exceptions  are  the  design  data  in  Figs.  8.09-1  and  8.13-l(b),  and  in 
Tables  10.02-1  and  10.06-1.  Theae  design  procedures  incorporate  special 
Hatching  end  sections  which  have  an  effect  like  referring  the  deaired 
Yk  (or  Zt)  input  characteristic  through  a  length  of  transmission  line, 
which  will  cause  the  real  part  of  the  input  admittance  (or  iatpedance) 
to  not  have  the  deaired  shape.  This  problem  can  be  overcoHe  by  replacing 
the  matching  section  at  the  end  of  the  filter  which  is  to  be  connected 
to  the  multiplexer  junction  by  a  semi  - 1 umped-el enent  inverter.  Thia 
is  what  was  done  in  the  case  of  the  comb-line  filter  in  Fig.  16.04-5, 
where  a  fine-wire  coupling  is  shown  at  the  right  end.  This  point  will 
be  discussed  further,  later  in  thia  section. 

After  the  low-pass  prototype  filter  parameters  have  been  apecified 
there  is  no  choice  in  the  ratio  GA/Gt  of  the  terminations  if  lumped- 
element  filter  designs  of  the  form  in  Fig.  16.04-10  are  to  be  used. 

Also,  the  ratio  GJG^  is  not  unity  for  that  case — a  situation  that  could 
be  inconvenient.  However,  in  the  case  of  designs  using  impedance  inverters 
(as  in  the  generalised  cases  in  Figs.  8.02-3  and  8.02-4)  the  terminations 
can  be  specified  as  desired,  and  the  J-  or  A-inverters  will  provide  the 
neceaaary  impedance  transformations.  For  example,  using  the  data  in 
Fig.  8.02-4,  Ga,  Gf  and  the  resonator  slope  parameters  b,  can  be  chosen 
arbitrarily,  and  the  impedance-matching  conditions  will  automatically 
come  out  as  is  called  for  by  the  prototype  parameters,  gQ,  g1(  g2,  ...  gs, 
and  g;+,. 

Determination  of  Fractional  Bandwidths  So  At  To  Give  Desired 
Crott-Over  Frequencies  —  Since  it  is  usually  desirable  in  the  type  of 
multiplexer  under  discussion  for  adjacent  filters  to  cross  over  at 
their  3-db  points,  care  must  be  taken  in  choosing  the  filter  bandwidths 
to  provide  for  this  condition.  By  adapting  Eqs.  (4.03-4)  and  (4.03-5) 
an  explicit  expression  for  Re  Y J  for  the  singly  loaded  low-pass  prototype 
filter  can  be  obtained  aa  a  function  of  o>'.  Then  for  n  even 
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(16.04-2) 


where 


(16.04-3) 


LAr  ia  the  db  Tchebyacheff  ripple  of  the  prototype  filter,  A'  ia  the 
termination  in  Fig.  16.04*3,  and  He  F'  and  wj  are  aa  indicated  in 
Fig.  16.04-4.  Having  apecified  A'  Be  F'  •  0.5,  correaponding  approximately 
to  the  3-db  pint,  then  the  deaigner  can  aolve  for  the  correaponding 
normalised  frequency  From  thia  the  required  fractional  bandwidth 

can  be  obtained  by  using  the  low-pasa  to  band-pasa  tranaforaation  appro¬ 
priate  for  the  filter  atructure  to  be  uaed.  For  example,  auppoae  that 
the  deaired  crosa-over  pointa  are  fm  and  >  /|(  and  an  appropriate 
mapping  function  ia 


«*  2  //  "  / o\ 

“  ■  \  /.  ) 

where 

,  /.  +  /* 


(16.04-4) 


Then  the  required  fractional  bandwidth  is 


w 

where  «'/< wj  ia  apecified 
provided  that  n  ia  even. 


for  the  deaired  3-db  point  by  uae  of  Eq. ( 16.04-2), 
If  n  ia  odd,  Eq.  (16.04-2)  becomea 


(16.04-6) 


Coupling  to  the  Common  Junction— Although  other  meana  of  coupling 
would  have  alao  been  poaaible  in  the  comb-line  multiplexer  example  of 
thia  aection  it  waa  aaaumed  that  the  filters  were  coupled  to  the  center 
junction  by  seriea  inductances  formed  from  high- impedance  wire. 
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Figure  16.04-11  shows  a 
higii- impedance  wire  and  its 
equivalent  circuit  when  uaed 
aa  a  J-inverter.  The  comb¬ 
line  filter  deaign  equationa 
diacuaaed  in  Seca.  8.13  and 
8.14  were  modified  to  uae 
thia  type  of  inverter  at 
one  end  of  the  filter.  The 
auaceptance  fl  at  one  aide 
of  the  inverter  in 
Fig.  16.04- 11( b)  was  compen- 
aated  for  by  abaorbing  it 
into  Reaonator  n,  while  the 
auaceptance  B  on  the  other 
aide  of  the  inverter  waa 
effectively  abaorbed  into 
the  susceptance-annul I  ing 
network.  In  thia  caae  the 
high- impedance-wire  type  of 
coupling  waa  auggeated 

because  it  would  help  prevent  the  common  junction  from  being  crowded. 
However,  it  ia  desirable  to  keep  the  high- impedance  wire  quite  abort  in 
order  to  avoid  unwanted  resonances,  while  not  having  it  so  small  in 
diameter  that  it  would  increase  the  losses.  Thus,  in  some  narrow-band 
cases,  capaci ti ve- gap  couplings  to  approximate  inverters  aa  in 
Fig.  8.03-2(b)  will  be  preferable.  Table  16.04-1  summarizes  the  equa¬ 
tions  used  in  the  design  of  the  filters  for  the  example  of  Figs.  16.04-5 
to  16. 04-9( b) . 


•  *Vj  [*«"•!•  -etegj 
(b) 


FIG.  16.04-11  USE  OF  A  HIGH-IMPEDANCE  WIRE 
AS  A  J-INVERTER 


Figure  16.04-12  shows  the  general  form  of  another  type  of  multi¬ 
plexer  structure  once  built  by  one  of  the  authors.  This  multiplexer 
split  an  octave  band  into  three  parts,  and  used  capacitively  coupled, 
strip-line  filters  of  the  form  in  Fig.  8.05-4(a).  Although  the  filters 
used  series-capacitance  couplings  everywhere  except  at  the  common  junction 
of  the  mul tiplexer,  high- impedance  wire  coupling  (i.e.,  seri es- inductance 
coupling)  was  used  at  the  common  junction,  as  indicated  in  Fig.  16.04-12. 
(In  this  case  the  wire  waa  bent  into  a  rectangle  aa  shown.)  The  wire 
plus  a  small  section  of  the  adjacent  50-ohm  line  were  regarded  as 
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Tabla  16. 04- 1 


DESIGN  EQUATIONS  FOR  COMB- LINE  FILTERS  WITH  HIGH-Zfl  HIRE  COUPLING 
AT  ONE  END  AS  SHORN  IN  FIG.  16.04- S 

Chooaa  a  low-paaa  prototypa  filtar  and  valuaa  for  C.  «  T.,  O'.  •  Ym. 
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FIG.  16.04-12  A  SCHEMATIC  DRAWING  OF  A  THREE-CHANNEL 
MULTIPLEXER  USING  FILTERS  OF  THE  TYPE 
IN  SEC.  8.05 

Copocitiva  coupling  it  usad  except  at  the  common 

junction 


comprising  an  inverter  of  the  form  in  Fig.  8.03-2(c).  This  type  of 
coupling  and  point  of  vie*  was  uaed  because  it  eliminated  the  undesirably 
small  capacitive  coupling  gaps  that  would  otherwise  have  been  needed, 
and  becauae  in  this  particular  type  of  filter  it  provided  a  convenient 
reference  plane  for  paralleling  the  filters.  In  this  case  only  a  small 
capacitive  stub  was  found  to  be  required  for  susceptance  annulling. 

This  result  was  partly  due  to  the  large  band  covered  by  the  multiplexer 
and  probably  partly  due  to  the  rather  siteable  junction  effects  present 
in  this  particular  design  at  the  common  junction.  The  multiplexer  was 
designed  for  1  db  or  less  transducer  loss  in  the  pass  bands,  and  achieved 
this  performance  quite  well.  The  input  VSWR  at  the  common  junction  was 
2:1  or  less  across  the  entire  octave  operating  band  of  the  multiplexer, 
which  indicated  that  the  desired  contiguous  pass-bands  had  been  achieved. 

Ml 


! 


Detign  of  Annulling  Networki — Solution  of  integral  equation*  given 
by  Bode*  shows  that  if  the  real  part  of  an  admittance  haa  the  rectangular 
form  defined  by  the  equations 

(le  fj,  *  0  for  0  *  ^  < 

*  Cij  for  wt<  u>  <  (16.04*7) 

*  0  for  u)  <  "  , 

then  the  minimum  imaginary  part  is  given  by 


(16.04-8) 


where 


t 


The  imaginary  part  above  is  minimum  in  the  sense  that  no  shunt  suaceptance 
could  be  removed  from  the  network  without  making  the  network  non-phyaical . * 
When  the  filters  for  a  paral lei -connected  multiplexer  are  designed  by  the 
methods  of  this  section,  after  the  filters  are  connected,  the  real  part  of 
the  total  input  admittance  can  be  approximated  by  Eq.  (16.04-7),  and  to 
the  extent  that  there  is  no  shunt  suaceptance  in  the  couplings  to  the 
common  junction,  the  imaginary  part  can  be  approximated  by  Eq.  (16.04-8). 

For  example,  Fig.  16.04-13  shows  computed  curves  of  lie  Yr  and  I m  Y T 
for  a  four- channel ,  lumped-element  filter  multiplexer  design  (the  solid 
linea),  along  with  corresponding  approximations  obtained  uaing  Eqa.  (16.04-7) 
and  (16.04-8).  Note  that  the  degree  of  agreement  is  quite  good.  In  the 
case  of  Figs.  16. 04- 7(a), ( b )  the  ripples  in  Re  YT  are  larger  an  that  the 
accuracy  would  be  leas  good  on  that  score.  Also  note  from  Fig.  16.04-7(b) 
that  I n  Y T  does  not  pass  through  tero  near  the  middle  of  the  operating 
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FIG.  16.04-13  Yt  FOR  A  LUMP  ED- ELEMENT  MULTIPLEXER  COMPARED  WITH  Y  T 
FROM  EQS.  (16.04-7)  AND  (16.04-8) 

range,  as  Eq.  (16.04-8)  indicates  it  should.  This,  however,  is  accounted 
for  by  the  residual  shunt  susceptance  B  indicated  in  Fig.  16.04-  11(b), 
for  the  high- impedance  wire  coupling  to  the  common  junction. 

In  many  practical  cases  it  may  be  desirable  to  design  the  susceptance- 
annulling  network  after  assembling  the  multiplexer  and  measuring  the 
admittance-  characteristic  at  the  common  junction  (or  the  impedance 
characteristic  if  the  multiplexer  is  series-connected).  In  this  manner 
all  significant  effects  due  to  the  physical  size  of  the  common  junction 
can  be  accounted  for.  However,  when  such  junction  effects  are  relatively 
small,  Eq.  (16.04-8)  (plus  a  possible  correction  for  any  shunt  susceptance 
known  to  be  present  across  the  inputs  of  the  filters)  should  give  a  very 
useful  estimate  of-  what  the  imaginary  part  of  YT  will  be.  Having  this 
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estimate,  the  susceptance- annul  1 ing  network  can  then  be  designed.  The 
required  annulling  network  for  a  par al lei -connected  multiplexer  is 
generally  a  paral lei -resonant  circuit  having  zero  susceptance  at  the 
frequency  where  In  is  zero. 

In  much  of  the  above  discussion  the  comments  have  been  in  terms  of 
admittances  and  paral lei -connected  multiplexers.  It  should  be  recalled 
that  the  same  remarks  apply  in  an  analogous  way  to  impedances  in  a  dual 
series-connected  multiplexer. 

SEC.  16. OS,  DIPLEXERS  WITH  CONTIGUOUS  PASS  BANDS 

Diplexers  are  basically  two-channel  multiplexers,  hence  they  can  be 
designed  by  the  same  techniques  discussed  in  Sec.  16.04.  However,  since 
diplexers  are  frequently  composed  of  low-pass  and  high-pass  filters 
rather  than  two  band-pass  filters,  this  case  will  be  given  some  special 
attention.  Also,  an  alternate  procedure  for  the  design  of  diplexers 
will  be  suggested. 

Figure  16. OS-1  shows  a  diplexer  consisting  of  a  low-pass  filter  snd 
a  high-pass  filter.  Using  the  design  viewpoint  of  Sec.  16.04,  a  singly 
loaded  prototype  from  Sec.  4.06  is  used  for  designing  the  low-pass  filter, 
while  the  same  prototype  used  with  the  mapping  procedure  in  Fig.  7.07-2 
can  be  used  for  design  of  the  high-pass  filter.  The  proper  equal-ripple 
band-edge  frequencies  needed  to  cause  the  filters  to  cross  over  at  their 
3-db  points  can  be  determined  with  the  aid  of  bqs.  (16.04-2),  (16.04-3), 


•-lur-tot 


FIG.  16.05-1  A  PARALLEL-CONNECTED  DIPLEXER  COMPOSED  OF  A 
LOW-PASS  AND  A  HIGH-PASS  FILTER 
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and  < 16.04-6).  along  with  the  low-pasa  to  high-pass  Mapping  in  Sec.  7.07. 
It  can  be  ahown  that  in  thia  caae  the  two  filters  will  annul  each  others 
ausceptances  about  aa  well  as  can  be  done,  without  any  additional  suacep- 
tance- annulling  network.  In  fact,  if  the  filters  were  designed  from 
Maximally  flat,  singly  loaded  prototypes,  the  imaginary  part  of  the 
input  admittance  Y  T  in  Fig.  16.05-1  could  be  Made  to  be  exactly  xero  at 
all  frequencies  (at  least  for  the  idealised  1 umped-el enent  case).  The 
actual  filters  for  a  microwave  diplexer  such  as  this  could  in  Many  caaes 
be  designed  using  the  methods  of  Secs.  7.03  to  7.07. 

In  aoMe  cases  it  will  be  convenient  to  use  a  wide-band  band-pass 
filter  for  the  high-frequency  channel,  rather  than  a  high-pass  structure 
of  the  form  in  Fig.  16.05-1.  In  this  case  the  ausceptances  of  the  two 
filters  will  not  annul  each  other  as  well.  Using  Bode’ a  integral 
equations,*  if  the  two  filters  are  designed  so  that  the  real  part  of 
their  input  admittance  after  parallel  connection  is  approximately 


Re  Yt 


C§  for  0  ■  w  ■ 

0  for  o)  <  oo 


then  the  minimum  imaginary  part  is  given  by 


Jm  Yf 


G.  a  -  u> 

—  In  — - 

n  +  cj 


(16.05-1) 


(16.05-2) 


where  the  significance  of  the  term  " ai ninum”  is  as  discussed  with 
reference  to  Eq.  (16.04-8).  In  this  case  the  susceptance  can  be  largely 
annulled  by  a  series- resonant  shunt  branch  having  a  susceptance  of  the 
form 


B(w) 


( 16.05-3) 


where  is  slightly  larger  than  and  L  is  a  constant  (i.e.,  an 
inductance  for  a  lumped  circuit). 

— ..  v 

An  Alternative  Point  of  View  for  Diplexer  Dee  ign— We  wi  1 1  now  consider 
an  alternative  approach  to  design  of  diplexers.  Thia  approach  requires 
more  guess  work  than  is  required  for  the  approach  suggested  above,  however 


HA 


it  has  a  poaaible  advantage  for  some  situations  in  that  it  can  be  uaed 
to  modify  conventional  doubly  terminated  filters  for  use  in  diplexers. 

The  approach  about  to  be  described  ia  in  many  reapecta  equivalent  to 
the  "  fractional  termination"  method  uaed  for  paralleling  filters 
designed  on  the  image  basis. 9  In  the  discussion  to  follow  series  con¬ 
nection  of  the  filters  will  be  assumed,  though  the  same  technique  applies 
analogously  to  the  dual  case  of  pa ral 1  el -connected  diplexers. 

Figure  16.05-2(a)  shows  a  low-pass  filter  and  a  band-pass  filter 
with  dotted  lines  indicating  wires  for  connecting  these  filters  in  series 


z»  z; 

(b) 

FIG.  16.05-2  FILTERS  CONNECTED  IN  SERIES 


If  each  of  these  filters  were  designed  to  operate  normally  with  pure 
resistance  terminations  at  both  ends,  the  two  filter's  performance  would 
be  greatly  disrupted  by  this  connection.  This  disruption  would  be  due 
to  the  fact  that  although  each  filter  exhibits  a  nominally  resistive 
input  impedance  in  its  individual  past  band,  each  filter  also  exhibits 
large  reactive  impedances  in  its  stop  band.  Thus  if  the  filters  shown 
in  Fig.  16.05(a)  have  contiguous  pass  bands,  the  band-pass  filter  will 
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introduce  a  large  reactive  component  in  the  terminating  impedance  seen 
by  the  low-pass  filter  in  the  pass  band  of  the  low-pass  filter,  while 
the  low-pass  filter  will  introduce  a  large  reactive  component  to  the 
terminating  impedance  seen  by  the  band-pass  filter  in  the  pass  band  of 
the  band-pass  filter. 

The  large  stop-band  reactive  components  of  the  input  impedances 
Zt  and  Z'  of  the  filters  in  Fig.  16.05-2(a)  are  due  largely  to  the 
series  reactances  and  ZJ  shown.  If  these  are  removed,  the  remaining 
input  impedances  Z and  Z ^  have  the  same  real  part  characteristics  but 
much  smaller  stop-band  reactances.  Thus,  to  form  a  diplexer,  jX and 
jK!  are  removed  and  the  remaining  circuits  are  connected  as  shown  in 
Fig.  16.0 5- 2(b).  Next,  an  additional  reactance  jX“  is  introduced  to 
further  adjust  the  imaginary  part  of  Z(  in  order  to  cause 

Ze  -  Zk  +  Z[  +  jX'  (16.05-4) 

to  approximate  a  pure  resistance  equal  to  as  nearly  as  possible. 

In  the  pass  band  of  the  low-pass  filter  Z*  +  j X"  represents,  under  the 
conditions  described  above,  a  reactance  about  equivalent  to  in  that 

band,  so  that  the  low-pass  filter  will  operate  very  nearly  in  its  normal 
fashion  throughout  its  pass  band.  Likewise,  in  the  pass  band  of  the 
band-pass  filter,  Z^  +  j X"  represents  a  reactance  about  eruivalent  to 
jKj  in  that  band,  so  that  the  band-pass  filter  will  operate  very  nearly 
in  its  normal  fashion  throughout  its  pass  band.  However,  the  removal 
of  the  series  branches  jX  and  jlj  may  result  in  some  reduction  in 
stop-band  attenuation  of  one  or  both  filters.! 

Figure  16.05-3  shows  a  diplexer  that  was  designed  by  use  of  this 
a  roach.  The  low-pass  channel  was  composed  of  the  filter  in  Fig.  7.03-3(a) 
cut  off  just  to  the  right  of  the  last  capacitive  disk  on  the  right  of  the 
filter.  This  corresponded  to  removing  jX^  in  Fig.  16.05-2(a).  The  upper- 
channel  used  a  band-pass  filter  of  the  type  discussed  in  Secs.  10.03 
and  10.05.  This  filter  was  designed  as  though  it  were  to  have  a  series 
stub  at  one  end  (making  a  series  resonator).  This  was  accomplished  by 
designing  that  end  of  the  filter  using  the  equations  in  Table  10.03-1, 
while  the  other  half  of  the  filter  was  designed  using  the  equations  in 

*  , 

This  niuaea  that  the  noratal  terminating  inpedance  next  to  /  and  1  for  the  individual 

filters  ia  It  elao  asauaiea  that  the  frequency  reaponses  of  the  filtera  are  scaled  to 

inte  raec t  clone  to  the  3-db  points. 

^  The  decreeae  in  stop-band  attenuation  resulting  fron  the  reaiovel  of  jX.  and  ;Jfj  ia  largely 
conpeneated  for  as  a  result  of  the  input  voltage  reduction  in  the  stop*band  of*each  filter 
due  to  the  aeries  loading  of  the  other  filter. 
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FIG.  16.05-3  PHOTOGRAPH  OF  A  SERIES-CONNECTED  DIPLEXER  WITH  THE 
COVER  PLATES  REMOVED 

This  diplsxsr  um  o  low-pats  and  a  band-pass  filter 


Tuble  10.05-1.  In  the  actual  dipiexer  the  series  stub  was  not  included, 
which  was  analogous  to  removing  the  series  resonator  jX J  in  Fig.  16.05-2(a). 
Then  the  impedances  of  the  two  filters  connected  in  series  (with  react¬ 
ances  jX and  /T'  removed)  was  computed,  and  the  desired  form  of 
reactance- annul  1 ing  network  jX"  was  determined.  It  was  found  that  a 
desirable  annulling  network  should  have  a  reactance  of  the  form 

(16.05-5) 


in  Eq.  (16.05-3),  which  is 
a  parallel  connection  while 

ater  is  lor  a  series  connection. 


r 


CjJ  C 


Note  that  Eq,  (16.05-5)  is  the  dual  of  that 
to  be  expected  since  the  former  case  is  for 
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Figure  16. OS-4  show*  how  the  eerie*  connection  wee  achieved  in  the 
diplexer  in  Fig.  16. OS-3.  The  input  line  to  the  common  junction  pastes 
within  the  end  shunt  stub  of  the  band-pass  filter.  The  center  conductor 
of  the  input  line  connects  to  the  center  conductor  of  the  coaxial  low- 
pass  filter,  while  the  outer  conductor  of  the  input  line  connects  to 
the  band-pass  filter.  In  this  way  a  series  connection  is  obtained.* 

The  annulling  reactance  jX“  is  obtained  by  using  a  disk  to  form  a  radial 
line  in  series  with  the  low-pass  filter.  The  common-j unction  for  the 
series  connection  of  the  diplexer  is  the  region  marked  A  in  the  figure. 

Figure  16.05-5  shows  the  measured  performance  of  the  low-pass 
channel  of  this  diplexer,  while  Fig.  16.05-6  shows  the  performance  of 
the  high-pass  channel.  As  can  be  seen  from  the  figures,  low  pass-band 
attenuation  with  a  sharp  cross-over  was  obtained. 

Either  of  the  two  diplexer  design  methods  described  above  can  be 
used  with  good  results.  The  method  where  the  filters  are  designed 
from  singly  loaded  low-pass  prototype  filters  has  an  advantage  of 
involving  leas  guess  work  for  precise  designs,  and  it  should  be  capable 
of  superior  performance  when  very  low  pass-band  attenuation  and  very 
precise  cross-over  characteristics  are  required.  The  alternative  point 
of  view  for  diplexer  design  described  above  may  not  be  capable  of  quite 
as  good  results  because  the  individual  filters  were  originally  designed 
to  be  doubly  terminated  and  were  later  modified.  As  such,  the  filters 
do  not  have  quite  as  favorable  impedance  properties  for  interconnection 
as  do  singly  terminated  filter.-.  However,  the  alternative  method  does 
have  the  possible  advantage  that  (.he  individual  filters  can  be  constructed 
and  tested  first  as  conventional  doubly  terminated  filters. 


This  tackaiqua  at  faadiag  tha  aoltiplaaar  by  a  coaxial  liaa  vithin  the  abual  atob  of  tko 
baad-paoa  filter  ooa  auggoatod  by  5,  B.  Coho. 
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FIG.  16.05-5  MEASURED  TRANSMISSION  CHARACTERISTICS  OF  THE  LOW-PASS 
CHANNEL  OF  THE  DIPLEXER  IN  FIG.  16.05-3 
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ATTENUATION  — db 
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FIG.  16.05-6  MEASURED  TRANSMISSION  CHARACTERISTICS  OF  THE  BAND-PASS 
CHANNEL  OF  THE  DIPLEXER  IN  FIG.  16.05-3 
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CHAPTER  17 


MECHANICALLY  AND  MAGNETICALLY  TUNABLE  MICROWAVE  FILTERS 

SEC.  17.01.  INTRODUCTION 

Thin  chapter  will  deal  mainly  with  band-paas  filters  auch  aa  might 
be  deaired  for  uae  aa  receiver  preselectors;  however,  some  diacuaaion  of 
band-stop  magnetically  tunable  filters  will  be  included.  Although  there 
are  a  variety  of  simple  means  for  shifting  the  resonant  frequency  of  the 
resonators  of  a  filter,  if  it  is  desired  to  maintain  constant  bandwidth 
and  response  shape  aa  the  filter  is  tuned,  the  problem  becomea  fairly 
complex  (Sec.  17.02).  The  design  data  given  in  this  chapter  are  slanted 
primarily  toward  designing  filters  with  relatively  constant  response 
shape  and  bandwidth  as  the  filter  is  tuned.  Fortunately,  in  the  case  of 
magnetically  tunable  filters,  the  resonators  inherently  tend  to  give  con¬ 
stant  bandwidth,  although  there  will  be  some  change  in  response  ahape  aa 
the  filter  is  tuned.  « 

Figure  17.01-1  shows  the  two  types  of  mechanically  tunable  filters 
that  are  specifically  discussed  in  this  chapter.  The  filter  shown  at  (a) 
uaea  coaxial  resonatora  that  are  tuned  by  sliding  their  inner  conductors 
out  or  in,  while  the  filter  shown  at  (b)  is  tuned  by  a  sliding  wall  on 
one  side  of  each  resonator  cavity.  The  constancy  of  the  bandwidth  and 
response  shape  for  filters  of  these  types  is  improved  by  proper  choice 
of  the  locations  of  the  coupling  apertures  and  loops,  as  is  discussed  in 
Secs.  17.03  and  17.04. 

Certain  materials  that  exhibit  ferrimagnetic  resonance  have  a  high-Q 
resonance  and  can  be  easily  coupled  in  to  and  out  of  using  strip-line, 
coaxial. line,  or  waveguide  circuitry.  The  reaonant  frequency  of  such 
ferrimagnetic  resonators  is  controlled  by  a  DC  biasing  magnetic  field. 
Thua,  it  becomes  possible  to  tun*.-  such  resonators  electronically  by  plac¬ 
ing  the  filter  in  the  field  of  an  electromagnet,  and  then  controlling  the 
current  in  the  electromagnet  by  electronic  means.  Section  17.05  outlines 
the  general  properties  of  ferrimagnetic  resonators  that  are  important  to 
their  uae  in  microwave  filters.  Section  17.06  discusses  means  for  deter¬ 
mining  the  crystal  axes  of  ferrimagnetic  resonatora  —  a  problem  of 
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FIG.  17.01-1  COAXIAL  AND  WAVEGUIDE  MECHANICALLY  TUNABLE  BAND-PASS  FILTERS 
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|  considerable  practical  importance  since  the  resonant  frequency  of  ferri- 

l  magnetic  resonators  is  influenced  by  the  orientation  of  the  crystal  axes 

!  of  the  material,  with  reapect  to  the  biasing  DC  magnetic  field. 

Figure  17.01-2  shows  several  of  the  magnetically  tunable  filter 
structures  discussed  in  Secs.  17.07  to  17.09.  The  structure  shown  at  (a) 
utilises  input  and  output  atrip  lines  that  are  completely  separated  by  a 
dividing  wall  except  for  a  small  coupling  slot  next  to  the  short-circuited 
ends  of  the  strip  lines.  There  is  negligible  coupling  between  the  two 
strip  lines  when  they  are  without  the  f errimagnetic  resonators;  however, 
when  ferrimagnetic  resonators  such  as  spheres  of  single-crystal  yttrium- 
iron-garnet  (YIG)  are  added  as  shown  in  the  figure,  good  transmission  from 
one  strip  line  to  the  other  occurs,  provided  that  the  proper  biasing  mag¬ 
netic  field  is  applied.  The  filter  shown  at  (a)  will  give  a  two- 
resonator  response,  while  that  shown  at  (b)  will  give  a  three- resonator 
response.  A  waveguide  two- resonator  filter  is  shown  at  (-). 

A  magnetically  tunable  directional  filter  is  shown  in  Fig.  17.01-3. 
This  filter  is  very  similar  in  principle  to  the  waveguide  directional 
filters  discussed  in  Sec.  14.02,  except  that  the  fixed-tuned  electro¬ 
magnetic  resonators  used  in  the  filters  in  Sec.  14.02  are’here  replaced 
by  magnetically  tunable  ferrimagnetic  resonators  consisting  of  spheres  of 
YIG  (or  of  some  other  suitable  material).  Besides  being  magnetically 
tunable,  the  filter  in  Fig.  17.01-3  differs  from  those  in  Sec.  14.02  in 
one  other  important  way.  As  a  result  of  the  non-reciprocal  properties  of 
ferrimagnetic  resonators,  the  filter  in  Fig.  17.01-3  has  circulator  action 
at  reaonance  as  well  as  directional  filter  action.  For  example,  at  reso¬ 
nance,  energy  entering  Port  1  will  go  to  Port  4,  but  energy  entering  st 
Port  4  will  go  to  Port  3.  (The  filters  in  Fig.  17.01-2  do  not  have  this 
property.)  Directional  filters  of  this  type  are  discussed  in  Sec.  17.10. 

Magnetically  tunable  band-stop  filters  are  also  of  practical  interest. 
One  possible  form  for  such  filters  is  the,  strip-line  filter  structure  shown 
in  Fig.  17.01-4.  This  filter  uses  three  YIG  resonators  placed  between  the 
strip  line  and  one  of  the  ground  planes.  This  filter  could  be  designed  to 
produce  a  narrow  atop  band  that  can  be  moved  in  frequency  by  controlling 
the  biaaing  magnetic  field.  Band-stop  magnetically  tunable  filters  are 
discussed  in  Sec.  17.11. 
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(k)  THREE -RESONATOR  CONFIGURATION 
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(C)  WAVESUIOE  TW0-RE50NYY0R  FILTER 

FIG.  17.01-2  MAGNETICALLY  TUNABLE  STRIP-LINE  AND  WAVEGUIDE  BAND-PASS 
FILTERS  USING  SPHERICAL  FERRIMAGNETIC  RESONATORS 


996 


t 


POUT  2 


SECTION  A—  A' 

•-SMT-M7 


FIG.  17.01-3  A  MAGNETICALLY  TUNABLE  DIRECTIONAL  FILTER 
HAVING  CIRCULATOR  ACTION 
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FIG.  17.01-4  A  MAGNETICALLY  TUNABLE  STRIP-LINE  BAND-STOP  FILTER 


The  tuning  of  microwave  resonators  by  use  of  variable-capacitance 
diodes  or  by  use  of  ferroelectric  materials  might  at  first  seem  to  be 
attractive.  However,  these  possibilities  are  not  considered  in  this 
chapter  because  at  the  time  of  this  writing  the  (i*s  of  available  va/actor 
diodes  and  of  ferroelectric  materials  are  not  sufficiently  high  at  micro- 
wave  frequencies  to  provide  very  satisfactory  means  for  electronic  tuning 
of  microwave-filter  resonators. 

SEC  17.02,  THEORY  OF  IDEAL,  TUNABLE  BAND-PASS  FILTERS 

Although  almost  any  kind  of  filter  can  be  tuned  by  varying  the  lengths 
of  the  resonators,  or  by  introducing  variable  capacitive  or  inductive 
loading  of  some  form  in  the  resonators,  there  are  considerations  besides 
resonator  tuning  that  limit  the  types  of  structures  desirable  for  use  as 
tunable  filters.  Generally,  it  will  be  desired  that  the  filter  response 
shape  will  remain  more  or  less  constant  as  the  filter  is  tuned.  If  steps 
are  not  taken  to  assure  constant  response  shape,  it  is  possible  that  a 
filter  might  have  a  gbud  Tchcbyschcff  response  at  one  end  of  the  tuning 
range,  but  at  the  other  end  have  a  response  of  considerably  different  shape 
and  bandwidth  (apd  possibly  with  a  sizeable  reflection  loss  in  the  pass 
band).  Thus,  we  shall  now  want  to  explore  the  factors  that  tnujst  be  con¬ 
sidered  if  constant  response  shape  (and  also  constant  bandwidth)  are  to 
be  maintained  as  a  filter  is  tuned.  Since  tunable  filters  are  generally 
of  narrow  bandwidth,  it  will  be  convenient  to  use  the  external  Q’ s  of  the 
end  resonators  and  the  coupling  coefficients  between  adjacent  resonators 
as  the  basic  design  parameters  (Sec.  8.02). 
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FIG.  17.02-1  A  GENERALIZED  FILTER  CIRCUIT  USING  SERIES  RESONATORS 
AND  IMPEDANCE  INVERTERS 


Figure  17.02-1  show*  a  generalised  filter  circuit  with  aeries 
resonators  coupled  by  inpedance  inverters  (Sec.  8.02).  By  Fig.  R.02-3, 
the  external  Q’ s  of  the  end  reaonators  of  this  circuit  are 


«e*iw) 


**.,/«  4 


(17.02-1) 


(V.), 


*2  .  «♦! 


(17.02-2) 


and  the  coupling  coefficienta  between  resonators  are 


i-i  ..  »-i 


(17.02-3) 


In  Eqs .  (17.02-1)  to  (17.02-3),  the  K  are  impedance  inverter 

parameters,  the  are  resonator  slope  parameters  defined  by 


to . 
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“o  dX  ,(u>) 
~2 


du> 


(17.02-4) 


where  X  is  the  reactance  of  resonator  j,  and  is  the  resonant  frequency. 
The  parameters  g#,  gl#  ....  g„M,  are  parameters  of  the  low-pass  proto¬ 
type  filter  from  which  the  band-paas  filter  is  designed,  and  »  is  the 
fractional  bandwidth  of  the  band-pass  filter  as  measured  to  the  points  w, 
snd  o>|  on  its  response,  corresponding  to  on  the  low-pass  prototype 
response  (Sec.  8.02). 
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Examining  Eqa.  (17.02-1)  to  (17.02-3)  we  aee  that  for  the  type  of 
reaponae  to  be  preaerved  (i.e.,  for  maximally  flat,  Tchebyscheff ,  or 
some  other  response  properties  to  be  preserved)  the  external  V s  must 
vary  inversely  with  the  fractional  bandwidth  »,  while  the  coupling  co¬ 
efficients  must  be  directly  proportional  to  w.  Usually  it  ia  desired 
that  the  absolute  bandwidth  be  kept  constant.  Thus,  if  A/  is  the  desired 
fixed  bandwidth  in  cycles  per  second,  /g  is  any  given  tuning  frequency  of 
the  filter,  and  (/0)a  is  the  mean  tuning  frequency  (i.e.,  the  center  fre-  , 
quency  of  the  tuning  range),  then  it  is  usually  desired  that 


where 


A/  ».  (/„). 

w  =  —  =  -  (17.02-5) 


A/ 

(/0).  (17.02-6) 


is  the  mean  fractional  bandwidth.  Inserting  Eq.  (17.02-5)  in 
Kqs.  (17.02-1)  to  (17.02-3)  gives 
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where  all  quantities  on  the  right  are  constants  except  for  f 0 .  From  these 
equations  we  see  thut  in  order  to  give  a  constant  response  shape  and  band¬ 
width  as  the  filter  is  tuned,  the  external  Vs  must  vary  directly  with  the 
tuning  frequency  /0,  while  the  coupling  coefficients  must  vary  inversely 
with  the  tuning  frequency. 
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The  most  commonly  used  tunsble 
filters  use  inductive  couplings,  end 
the  impedance  inverters  msy  be  re¬ 
garded  as  being  of  the  form  in 
Fig.  17.02-2.  In  the  case  of  a 
narrow-band  filter  (tunable  filtera 
are  usually  narrow  band),  all  of  the 
reactances  in  the  inverter  circuit 
of  Fig.  17.02-2  would  be  very  Bmall. 

The  negative,  series  reactances  are 
therefore  small  compared  with  the 
reactances  that  they  are  connected  to,  and  hence  have  little  effect  in 
the  filter  except  to  cause  a  slight  shift  in  the  resonant  frequency  of 
the  resonators.  Thus,  to  a  good  approximation,  we  may  represent  the 
circuit  in  Fig.  17.02-1  by  the  circuit  in  Fig.  17.02-3  if  the  K-invertera 
are  of  the  form  in  Fig.  17.02-2  and  if  the  bandwidth  is  reasonably  narrow 
(say,  of  the  order  of  a  few  percent  or  less).  Then  by  Fig.  17.02-2, 
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FIG.  17.02-2  A  FORM  OF  K-INVERTER 
CORRESPONDING  TO 
SHUNT-INDUCTIVE 
COUPLINGS 


K 

j 


.j*  i 


X 

) . 


i 


♦  I 


/» 

</ o>. 


(17.02-10) 


*Ot  *tt  *IJ  *11-1,*  *n,n+i 

A-Mir-ao* 


FIG.  17.02-3  A  FILTER  CIRCUIT  WITH  SHUNT-INDUCTIVE  COUPLINGS 


where  (X  .  -  +  m  is  the  reactance  of  the  j,j  +  1  coupling  inductance  at 

the  mean  tuning  frequency  Inserting  Eq.  (17.02-10)  into 

Eqs.  (17.02-1)  to  (17.02-3)  gives 
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(17.02-12) 
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Comparing  Eqs.  (17.02-11)  and  (17.02-12)  with  Eqs.  ( 17 . 02- 7 ) and  ( 17 . 02-8 ) 
we  see  that,  to  maintain  constant  response  shape  and  bandwidth,  the  reso¬ 
nator  slope  parameters  «,j  and  xb  must  vary  as 


(*,). 


(/a). 


X 
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(at). 


(17.02-14) 


where  (x,  )m  and  (xB)Bure  the  slope  parameter  values  at  the  mean  tuning 
frequency  (/„)„•  Now,  comparing  Eqs.  (17.02-9)  and  (17.02-13),  we  see 
that  to  maintain  coustunt  response  shape  and  bandwidth 
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where  the  (i^  ^  are  again  the  slope  parameter  values  at  (/0)a-  Note  that 
Eqs.  (17.02-14)  and  (17.02-15)  appear  to  be  contradictory  since 
Eq.  (17.02-14)  says  that  Xj  and  must  vary  as  (/#)5  while  Eq.  (17.02-15) 
says  they  must  vary  as  (/„)*.  These  two  requirements  are  not-,  however, 
irreconcilable,  since  Eq .  (17.02-14)  refers  to  the  slope  parameters  of 
Resonators  1  and  n  us  seen  from  the  coupling  reactances  A'#1  and  X  *  +j, 

while  Eq.  (17.02-15)  relates  to  the  slope  parameters  of  Resonators  1  and  n 
as  seen  from  the  between  -  resonator  reactances  ^12  and  X  ^  „•  Thus,  as 
will  be  evident  from  the  discussions  in  Sec.  17.03  und  17.04,  it  may  be 
possible  to  approximately  satisfy  both  Eqs.  (17.02-14)  and  (17.02-15)  at 
the  same  time  by  making  the  <¥01  and  X  (i  +  )  coupling  reactances  at  the  ends 
of  the  filter  couple  into  Resonators  1  and  n  at  points  on  the  resonator 
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structure*  different  from  those  of  couplings  X  and  A'b_)  ^ .  In  this 
manner  the  slope  parameters  seen  by  the  end  couplings  will  be  different 
from  those  seen  by  the  couplings  between  resonators. 

Perhaps  the  most  familiar  type  of  series  resonator  is  that  consisting 
of  an  inductance  and  capacitance  in  series,  which  gives 
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By  Eq.  (17.02-4) 


(17.02-17) 


If  the  resonators  are  tuned  by  varying  the  (’ while  the  L remains  fixed, 
then 
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(17.02-18) 


which  does  not  have  the  frequency  variation  of  either  Eq.  (17.02-14)  or 
Eq.  (17.02-15).  It  is  easily  shown  that  if  C *  is  held  fixed  and  the 
filter  is  tuned  by  varying  the  l.  ^ ,  then 
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which  deviates  even  more  from  the  desired  type  of  frequency  variation. 

From  the  above  discussion  we  see  that  a  simple  series  l.-C  resonator 
cannot  give  the  desired  (/„)*  or  (/0)3  variation  of  the  resonator  slope 
parameters  unless  the  resonators  are  tuned  by  varying  both  the  L  and 
the  C  at  the  same  time.  However,  Fig.  17.02-4  shows  a  resonator  circuit 
that  could  approximate  the  desired  frequency  variations ' whi le  being  tuned- 
by  varying  only  a  series  capacitance.  In  this  case  a  parallel  resonant 
circuit  has  been  added,  which  adds  a  pole  of  reactance  at  frequency  co^. 
Thus,  as  the  resonator  is  tuned  to  higher  frequencies,  the  resonator  slope 
parameter  increases  more  rapidly  than  it  would  if  the  pole  of  reactance 
were  not  tiiere. 
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FIG.  17.02-4  A  TUNABLE  RESONATOR 
AND  ITS  REACTANCE 
CHARACTERISTIC 


Although  the  form  of  the  resonator  circuit  in  Fig.  17.02-4  is  not 
of  much  interest  for  microwave  filters,1  the  discussion  illustrates  the 
types  of  considerations  and  possible  solutions  involved  in  the  design 
of  tunable  filters  with  constant  response  shape  and  bandwidth.  The  dis¬ 
cussion  above  has  been  in  terms  of  filters  with  series  resonators  and 
ahunt  inductive  couplings;  however,  by  use  of  the  data  in  Figs.  8.02-3, 
8.02-4,  8.03-1,  8.03-2  and  8.03-3,  the  same  type  of  reasoning  can  be 
applied  for  the  derivation  of  the  required  parameter  properties  for 
numerous  other  types  of  filters.  Of  course,  Kqs .  (17.02-7)  to  (17.02-d) 
apply  to  all  filters  as  long  as  constant  response  shupe  and  bandwidth 
are  required. 

Another  factor  to  be  considered  in  the  design  of  tunable  filters  is 
the  choice  of  low-pass  prototype  filters  to  be  used.  Since  the  filters 
used  are  usually  of  narrow  bandwidth,  the  equal -element  low-pass  proto¬ 
types  discussed  in  Sec.  11.07  are  often  a  desirable  choice.  As  is  dis¬ 
cussed  in  Sec.  11.07,  filters  designed  from  equal -e lement  prototypes  can 
give  very  nearly  the  absolute  minimum  midband  dissipation  loss  for  given 
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resonator  unloaded  O'a,  and  for  a  given  amount  of  attenuation  required 
at  some  frequency  a  specified  frequency  interval  from  the  mid-paaa-band 
frequency. 

For  many  narrow. band  inductively  coupled  filters  such  as  that  in 
Fig.  17.02-3,  a  useful  low-pass  to  band-pass  mapping  (Sec.  8.04)  to  use  ia 

t 

U) 


where 

m 


(*>'  and  are  the  frequency  variables  of  the  low. pass  prototype  and  band, 
pass  filters,  respectively,  and  c*>,  and  are  the  band. pass  filter  band- 
edge  frequencies  corresponding  to  for  the  low-pass  prototype. 

SEC.  17.03,  MECHANICALLY  TUNABLE  COAXIAL  BAND-PASS  FILTERS 

Figure  17.03-1  shows  a  form  of  coaxial,  mechanically  tunable  filter, 
which  has  been  used  a  good  deal.1  The  resonators  operate  in  the  TEM  mode 
and  are  a  quarter -wave length  long  at  resonance.  One  end  of  each  reso¬ 
nator  is  open-circuitcd  while  the  other  is  short-circuited,  and  tuning  ia 
accomplished  by  sliding  the  round  center  conductor  back  and  forth  through 
the  short-circuiting  region  at  the  lower  end  of  each  resonator.  The  co¬ 
axial  input  and  output  lines  are  coupled  to  the  first  and  last,  resonators, 
respectively,  by  magnetic  coupling  loops,  while  the  resonators  are  coupled 
to  their  neighbors  by  inductive  irises.  The  cross-sectional  shape  of  the 
resonators  ia  approximately  coaxial;  however,  the  region  between  reso¬ 
nators  is  flattened  so  that  the  coupling  irises  will  not  be  so  thick. 

The  filter  in  Fig.  17.03-1  ia  of  the  inductively  coupled  type  shown 
in  generalized  form  in  Fig.  17.02-3  and  analyzed  in  Sec.  17.02.  As  was 
discussed  in  connection  with  Eqs.  (17.02-14)  and  (17.02-15),  a  somewhat, 
different  frequency  variation  of  the  resonator  slope  parameters  ia  usually 
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FIG.  17.03-1  A  FOUR-RESONATOR  MECHANICALLY  TUNABLE  TEM-MODE  FILTER 


desired  in  determining  (U#)4  and  (V,)e  as  compared  with  the  frequency 
variation  of  the  resonator  slope  parameters  desired  for  determining  the 
coupling  coefficients  k  t j.  In  the  filter  structure  in  Fig.  17.03-1 

the  desired  difference  is  achieved  in  an  approximate  fashion  by  locating 
the  input  and  output  coupling  loops  an  electrical  distance  0A  from  the 
abort - e i rcui ted  ends  of  the  resonators  which  is  different  from  the 
electrical  distance  V  which  the  inductive  coupling  irises  are  located 
from  tho  short-circuited  ends  of  the  resonators. 

Figure  1 7 . 03 -2(a)  ahowa  an  equivalent  circuit  used  for  calculating 
(U,)4.  In  the  figure 
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(17.03-1) 


where  Z #  ie  the  cheracterietic  impedance  of  the  resonator  line.  The 
resonator  reactance  alope  parameter  is  then 
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and  by  Eq.  (17.02-11)  the  external  U  at  end  A  is 
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where  the  subscript  a  indicates  a  quantity  evaluated  at  the  mid-tuning-range 
frequency  (/0)a  •  Of  course,  an  analogous  equation  applies  for  (Vt)^  - 


(a) 


FIG.  17.03-2  RESONATOR  EQUIVALENT  CIRCUITS  USED  IN 
COMPUTING  (Q,)A  ANDk.  j+, 
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Figure  17.03 '2(b)  shows  the  resonator  equivalent  circuit  used  in 
computing  the  coupling  coefficients  uetween  resonatora.  Uaing 
Eq.  (17.02-13),  analogously  to  the  derivation  above  we  obtain 


/«  co»*  tM.V  (/,).! 
wZ0</*>. 


(17.03-4) 


Now  as  indicated  by  Eqa.  (17.02-7)  to  ( 17 . 02- 9 ) , for  constant  response 
shape  and  bandwidth  we  desire  that 


(17.03-5) 


and 
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(17.03-7) 


If  we  equate  Eqs.  (17.03-5)  and  (17.03-3)  for  /0/(/#).  5  0.7  and  for 
/ 0/(/ *  1.3,  and  solve  for  (04).,we  find  that  (&A)m  *  0.9675  radian.  If 
we  equate  Eqs.  (17.03-4)  and  (17.03*7)  at  the  same  frequencies  and  solve 
for  (&)awe  then  find  that  (8)m  *  0.8534  radian. 

From  Eqs.  (17.03-5)  and  (17.03-7)  we  see  that  both  ((/f)4  and  1/fc^ 
should  ideally  be  directly  proportional  to  the  frequency,  if  constant 
response  shape  and  bandwidth  are  desired.  Figure  17.03-3  presents 
normalized  curves  for  these  quantities  vs  .  f0/(f0)m  lor  the  values  of  (tf  )a  and 
<«>.  given  above.  We  see  that  the  external  Q  curve  deviates  most  from  the 
desired  linear  variation,  which  means  that  the  response  shape  will  change 
somewhat  as  the  filter  is  tuned.  The  quantity  N/fc  follows  the  desired 
linear  variation  more  closely,  but  it  also  deviates  some  from  the  desired 
line.  Since  the  coupling  coefficients  between  resonators  have  the  domi¬ 
nant  effect  on  bandwidth,  the  deviation  in  the  N/k^  curve  from  the 
desired  line  will  cause  some  variation  of  the  bandwidth.  Although  the 
deviations  from  ideal  performance  indicated  in  Fig.  17.03-3  are  sizeable, 
they  are  probably  acceptable  for  most  applications.  Also,  the  curves  in 
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FIG.  17.03-3  NORMALIZED  CURVES  INDICATING  THE  FREQUENCY 
VARIATION  OF  NORMALIZED  (Qe)A,  (Qt)B,  AND 
1/k.  „  FOR  A  FILTER  OF  THE  FORM  SHOWN  IN 
FIG.' 17.03-1 


Fig.  17.03-3  apply  to  u  design  with  a  tuning  range  of  over  an  octave. 

The  deviations  from  ideul  performance  can,  of  course,  be  kept  much 
smaller  if  smaller  tuning  ranges  are  sufficient. 

.Sunwary  of  Design  Procedure  —  Let  us  now  summarize  how  filters  of  the 
sort  in  Fig.  17.03-1  can  be  designed. 

The  design  process  is  carried  out  at  the  mid-tuning-range  frequency 
(/#)..  In  order  to  obtain  nearly  optimum  resonator  (J'a,  the  resonators 
should  have  a  line  impedance  of  approximately  >  76  ohms  (see  Fig.  5.03-2). 
Use  the  values  of  (^A)e  and  (P)B  in  Fig,  17.03-3,  or  if  tighter  control  on 
the  response  is  required  and  the  required  tuning  range  is  smaller  than  an 
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I 


octave,  solve  for  values  of  (8  A\  and  (&)m  aa  described  above,  in  order 
to  give  a  closer  approximation  over  a  smaller  tuning  range. 

The  coupling  reactances  can  be  computed  by  combining  Eqs.  (17.03-3) 
and  (17.03-4)  with  Eqs.  (17.02-1)  to  (17.02-3)  to  obtain 
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where  is  the  fractional  bandwidth  A// (/0 ) B  to  the  pass-band  edge  points 
corresponding  to  euj  for  the  low-pass  prototype. 

Aa  a  rough  guide  in  the  design  of  the  loop  couplings  at  each  end  of 
the  filter,  the  following  reasoning  can  be  used.1  If  /  is  the  current  in 
Resonator  1  or  n  at  an  electrical  distance  (0^  from  the  short-circuit 
end  of  the  resonator,  then  the  magnetic  field  at  a  radial  distance  r  from 
the  center  axis  of  the  coaxial  resonator  is  II  °  I/(2vr).  This  field  will 
excite  a  voltage  of  jAfi^tdl  -  jAp^I /2vr  in  a  loop  of  area  A  located  at  a 
mean  radius  r  from  the  axis  of  the  coaxial  line.  Thus,  the  mutual 
reactance  of  such  a  loop  in  a  coaxial  line  is 


An0<*> 

X  =  -  (17.03-11) 

2vr 

where,  if  r  is  in  inches  and  A  is  in  square  inches,  *  (0.0254)  4rrl0~7 
henries/inch.  This  formula  can  serve  as  a  guide  for  the  initial  design 
of  the  coupling  loop  but  in  practice  experimental  adjustments  as  described 
in  Sec.  11.02  will  probably  be  desirable.)  Reference  1  points  out  that  in 
order  to  reduce  the  self  reactance  of  the  coupling  loops  (excess  reactance 
can  cause  the  tuning  of  the  end  resonators  to  track  differently  than  that 
of  the  interior  resonators),  it  is  desirable  for  the  coupling  loop  to  be 
faired  into  the  side  wall  as  much  as  possible,  as  is  suggested  in 
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Fig.  17.03-1;  under  such  conditions  Eq.  (17.03-11)  may  be  a  poor 
approximation. 

Using  Bathe’s  smal 1 -aperture  theory  the  apertures  between  the 
resonators  should  hsve  magnetic  polarizabilities  of  approximately 


j.i+l 


K  a*  (AT 
60 


(17.03-12) 


where  a  is  the  nominal  radius  of  the  inaide  of  the  outer  conductor  of 
the  resonators  and  k  ia  the  wavelength  at  the  mean  tuning  frequency 
(/,)  .  The  sizes  of  the  apertures  can  then  be  determined  from  the 
polarizability  data  in  Fig.  5.10-4(a),  (the  M,  rather  than  the  data 
ia  used  since  the  lengths  of  the  coupling  irises  are  to  be  in  the  cir¬ 
cumferential  direction).  Approximate  corrections  for  the  size  and 
thickness  t  of  the  apertures  can  be  made  by  obtaining  trial  aperture 
lengths  ■i  .. using  Eq.  (17.03-12)  and  Fig.  5.10-4(a),  and  then  computing 
compensated  polarizabilities 


from  which  improved  aperture  lengths  are  obtained  using  Fig.  5.10-4(a). 

For  greatest  accuracy  the  experimental  procedures  described  in  Sec.  11.02 
to  11.04  should  be  used  to  check  the  aperture  sizes. 

One  possible  source  of  trouble  in  the  practical  operation-  of  filters 
of  the  type  under  discussion  lies  in  the  fact  that  the  resonator  rods 
must  slide  freely  while  still  maintaining  a  good  short-circuit  at  one  end. 
Sliding  contact  fingers  can  be  used  to  help  ensure  a  good  ahort-circuit 
connection,  but  the  non-contacting  ahort-circuit  connections  in 
Fig.  17.03-4  are  found  to  be  preferable.1  The  design  in  Fig.  17.03-4(a) 
uses  a  very  low  impedance  section,  which  is  a  quarter-wavelength  long  at 
frequency  (/(,),.  In  this  design  the  resonator  rod  is  supported  by  a  di¬ 
electric  bearing  surface  at  the  left.  The  1 ow- impedance  line  section  is 
effectively  open-circuited  at  its  left  end  and,  as  a  result,  tends  to 
reflect  a  very  large  susceptunce  at  its  right  end.  The  design  in 
Fig.  17.03-4(b)  is  similar,  but  it  uses  an  additional  high- impedance  line 
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FIG.  17.03-4  TWO  POSSIBLE  DESIGNS  FOR  THE  SHORT-CIRCUIT  AND  BEARING  PORTION 
OF  MECHANICALLY  TUNABLE  COAXIAL  RESONATORS 


section  to  reflect  a  very  high  impedance  to  the  open-circuited  end  of 
the  low- iapedance  line  section.  In  this  type  of  design  the  resonator 
rod  can  be  supported  by  a  aetal  bearing.  Although  this  type  of  choke 
joint  design  is  frequency  aenaitive  to  soae  extent,  it  can  be  made  to 
work  very  well  over  as  much  as  a  five-to-one  tuning  range.1 

SEC.  17.04,  WAVEGUIDE  MECHANICALLY  TUNABLE  BAND-PASS  FILTERS 

Figure  17.04-1  shows  a  waveguide  mechanically  tunable  filter  which 
is  in  many  respects  analogous  to  the  coaxial  type  of  filter  discussed  in 
Sec.  17.03.  This  filter  consists  of  rectangular  cavity  resonators  that 
are  tuned  by  moving  one  of  the  aide  walls.  The  resonators  are  coupled 
by  apertures  which  are  located  ao  as  to  come  as  close  as  possible  to 
giving  the  desired  frequency  variations  of  the  external  Q’ a  and  ther 
coupling  coefficients.  As  in  the  filter  of  Sec.  17.03,  the  coupling 
apertures  between  resonators  are  positioned  differently  from  the  apertures 
coupling  to  the  input  and  output  guides. 

The  analysis  of  the  filter  in  Fig.  17.04-1  proceeds  similarly  to  that 
discuaaed  in  Sec.  17.03.  In  this  case  the  resonator  slope  parameters  are 
given  by 


(17.04-1) 
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when  the  anelyeia  ia  carried  out  on  a  frequency  bails.  (See  Sec.  8.14 
for  a  diacuaaion  of  the  differences  between  waveguide  filter  deaign  on 
a  frequency  baaia  vt.  deaign  on  a  reciprocal-guide-wavelength  baaia.) 

In  Eq.  (17.04-1)  ia  the  guide  impedance  and  A  and  A.  are  the  guide 
and  free-apace  wavelengtha  at  resonance.  The  coupling  reactances  and 
the  effects  of  different  guide  dimensions  for  the  terminating  guides  aa 
compared  to  the  dimensions  of  the  cavity  resonators  can  all  be  obtained 
from  Fig.  S.10-6.  Thus,  using  Eqs.  (17.04-1)  and  (17.02-10)  to  (17.02-13), 
along  with  the  data  in  Fig.  5.10-6  gives 
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FIG.  17.04-1  A  FOUR-RESONATOR  MECHANICALLY  TUNABLE  WAVEGUIDE  FILTER 


where  the  are  the  horitontelly  directed  magnetic  polarizabilities 

of  the  coupling  apertures,  X.  is  the  free-space  wavelength  at  the  reaonant 
frequency  /#, 
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(17.04-5) 


ia  the  wavelength  in  the  terminating  guidea,  aA,  bA,  a,  b ,  u,  if  and  x 
are  dimensiona  defined  in  Fig.  17.04-1,  and  where 


a 


(17.04-6) 


is  required  in  order  to  give  resonance  at  the  tuning  frequency  /# 
corresponding  to  the  free-space  wavelength  X. 

As  for  the  filter  in  Sec.  17.03,  for  constant  response  shape  and 
bandwidth  we  desire  the  external  V’s  and  coupling  coefficients  to  vary 
with  frequency  as  in  Eqs.  (17.03-5)  to  (17.03-7).  Forcing  Eqs.  (17.03-5) 
to  (17.03-7)  to  agree  with  Eqs,  (17.04-2)  to  (17.04-4)  at  two  frequencies 
( /0)1  and  (/0)2  leads  to  equations  of  the  form 


for  the  external  Vs, 
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1 /#-«/»>! 

and  of  the  form 
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for  the  coupling  coefficients.  These  can  be  solved  to  obtain  xA  and  x 
just  as  and  t>  were  solved  for  in  the  case  of  the  filter  in  Sec.  17.03. 
However,  in  the  present  case  there  are  other  degrees  of  freedom  available, 
which  result  from  the  fact  that  there  is  a  choice  in  the  proportions  of 
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the  cavitiea  and  of  the  terminating  guides.2 
If,  however,  we  specify  (/„),/ 

(/0)a,  aA,  u  and  the  wavelength  A.a  at  the 
mean  tuning  frequency  (/„),,  then  the  requi red 
xA  and  x  values  can  be  computed. 

Table  17.04-1  shows  normalized  values 
for  xA  and  x  which  will  cause  Eqs.  (17.04-7) 
and  (17.04-8)  to  be  satisfied  for  (/#),/ 

(/0),  =  0.90  and  (/0) ,/(/„).  *  1.10.  The 
choice  of  cavity  length  u  is  controlled  by 
the  A.a/u  parameter  at  the  left.  At  the  right 


Title  17.04-1 

PARAMETERS  WHICH  CAUSE 
EQS.  (17.04-2)  TO  (17.04-4) 
TO  SATISFY  EQS.  (17.04-7)  AND 
(17.04-8)  FOR  (/0),/(/0)a  - 
0  90,  (/,),/(/,). -1.1.  AND 
aA  =  0.76  K 
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0.315 
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0.750 
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0.694 

0.635 

1.134 

is  shown  the  corresponding  ratio  a/u  lor  the  filter  wlien  tuned  to  the 


mean  tuning  range  frequency  (fn)m 


figure  T7 . 04- 2  shows  plots  of  normalized  external  Q  vs .  /„/(/ #)  for 
the  various  cases  listed  in  fable  17.04-1.  Notice  that  the  curves  approach 
the  desired  linear  variation  most  closely  when  Aa/u  is  made  small. 
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CURVES  OF  NORMALIZED  EXTERNAL  Q  v*.  »„  ((„),,, 
FOR  PARAMETER  VALUES  IN  TABLE  17.04-1 
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FIG.  17.04-2 


FIG.  17.04-3  CURVES  OF  NORMALIZED  RECIPROCAL  COUPLING 
COEFFICIENT  vs.  f0/(f0)m  FOR  RESONATOR 
PARAMETER  VALUES  !N  TABLE  17.04-1 


Figure  17.04-3  allows  a  corresponding  plot  of  normalized  reciprocal  coupling 
coefficient  vs.  f0/{f0)m ■  Here  again  tlie  desired  linear  variation  is  ap¬ 
proximated  most  closely  if  A  /«  is  small.  However,  Fig.  17.04-4  shows  a 
plot  of  the  corresponding  values  of  a/u  vs.  /Q/(/0).  where  it  should  be 
recalled  that  u  is  constant  while  the  cavity  width  a  is  varied  to  achieve 
the  desired  tuning  frequency.  Note  that  the  small  values  ol  Km/u,  which 
gave  the  most  desirable  results  in  Figs.  17.04-2  and  17.04-3,  correspond 
to  tuning  characteristics  that  huve  very  large  changes  in  resonant  fre¬ 
quency  f0  for  very  small  changes  in  cavity  width  n.  Thus,  as  has  been 
discussed  by  Sleven,*  in  designing  a  tunable  filter  of  this  type  one  should 
not  insist  on  any  greater  uniformity  of  bandwidth  and  response  shape  than 
is  really  necessary,  since  this  uniformity  is  bought  at  the  price  of 
criticalnesB  in  the  tuning  adjustment  of  the  resonators. 

•Summary  of  Design  Procedure  —  The  first  step  in  the  design  of  a  filter 
of  the  type  in  Fig.  17.04-1  is  to  select  a  value  for  A^/u  using  Figs.  17.04-2 
to  17.04-4  while  keeping  the  above  points  in  mind.  Some  idea  of  the 
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variations  in  bandwidth  that  will  result  from  the  deviations  of  the  reso¬ 
nator  coupling  coefficients  can  be  gained  from  the  fact  that  the  k. 
are  directly  proportional  to  the  fractional  bandwidth  of  the  filter.  The 
choice  of  the  external  Q' a  of  a  multi-resonator  filter  affects  the  shape 
of  the  pass  band  of  a  filter  much  more  than  it  affects  the  bandwidth. 

With  a  two- resonator  filter,  steadily  increasing  the  size  of  the  external 
Q'  a  tends  to  result  in  a  Ichebyscheff  response  with  an  increasingly  large 
hump  in  the  middle.  Steadily  decreasing  the  external  Q‘ a  of  such  a  filter 
decreases  and  finally  eliminates  the  hump  in  the  middle  of  the  response 
and  eventually  leads  to  an  “  undercouplcd"  response  (called  undercoup  led 
because  the  coupling  between  resonators  is  quite  loose  as  compared  to  the 
coupling  between  the  terminations  and  the  resonators).  Analogous  effects 
occur  in  filters  with  more  resonators.  The  above  points  should  be  of  some 
help  in  assessing  the  effects  of  deviations  from  the  ideal  external  Q  and 
coupling  characteristics  vs.  frequency.  More  exact  pictures  of  these 
effects  can  be  obtained  by  working  back  from  the  external  Q  and  coupling 
coefficient  values  at  various  frequencies  by  solving  for  the  corresponding 
sets  of  low-pass  prototype  element  values  gQ,  gl ,  ...,  gntl  using 
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FIG.  17.04-4  o  u  vs.  y(f0)m  FOR  RESONATOR  PARAMETER  VALUES 
IN  TABLE  17.04-1 

•  V 
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Eqs.  (17.02-1)  to  (17.02-3)  and  then  comparing  theae  valuea  with  the 
varioua  tabulated  designs  in  Sec.  4.05,  or  by  actually  computing  the 
reaponaea  correaponding  to  theae  aeta  of  eleaient  valuea. 

Having  arrived  at  a  suitable  compromise  choice  for  Aa/u,  then  xj u 
and  x/u  are  obtained  from  Table  17.04-1  or  by  calculation  as  described 
above.  Having  specified  a  mean  tuning  frequency  (/0)a,  the  corresponding 
free-apace  wavelength  km  can  be  computed  along  with  u,  *.,  and  x.  The 
desired  external  Q' s  and  coupling  coefficients  are  computed  from  the  low- 
pass  prototype  parameters  by  use  of  Eqa.  (17.02-7)  to  (17.02-9).  Then 
using  Eqs.  (17.04-2)  to  (17.04-6)  with  A.  -  \a,  the  magnetic  polarixabilitiea 
M #1,  Mlg,  ....  atl  are  obtained. 

After  the  designer  has  obtained  the  required  polarizabilities,  the 
dimensions  of  the  apertures  can  be  obtained  from  the  data  in  Sec.  5.10. 

If  rectangulai  or  elongated  apertures  are  used,  their  length  should  be  in 
a  direction  parallel  to  the  a  dimension  of  the  cavities  in  Fig.  17.94-1.  . 
Corrections  for  aperture  length  -t .  /tl  and  thickness  t  can  be  made  as  dis¬ 
cussed  at  the  end  of  Sec.  17.03  by  use  of  Eq.  (17.03-13).  If  round  aper¬ 
tures  are  used,  the  same  procedure  applies,  except  that  the  polarizability 
is  given  by  the  approximate  formula 


I  ♦> 
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(17.04-9) 


(where  d.  is  the  diameter  of  the  aperture)  and  Eq.  (17.03-13)  becomes 


If  high  accuracy  in  the  design  is  desired,  the  aperture  sizes  can  be 
qhecked  using  the  experimental  procedures  described  in  Secs.  11.02  to 
11.04. 
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SEC.  17.05,  PROPERTIES  OF  FERRIMAGNETIC  RESONATORS* 


There  ere  e  number  of  single-crystal  materials  that  have  possible 
use  as  ferrimagnetic  resonators  in  magnetically  tunable  microwave  filters. 
Some  materials  of  interest  at  the  time  of  this  writing  are 

ill  Yttrium-iron-garnet  (YIG) 

(2)  Gallium- substituted  yttrium-iron-garnet  (GaYIG) 

(3)  Lithium  ferrite 

(4)  Barium  ferrite. 

The  YIG  material  listed  above  has  proved  the  most  useful  to  date  and  has 
been  successfully  used  in  constructing  a  variety  of  magnetically  tunable 
microwave  filters  such  as  those  described  by  Carter 

In  this  book  the  detailed  theory  of  ferrimagnetic  resonance  will  not 
be  treated.  Such  theory  can  be  found  in  various  references However, 
in  this  section  a  qualitative  description  of  ferrimagnetic  resonance  will 
be  presented  along  with  some  basic  formulas  and  concepts  useful  in  the 
design  of  magnetically  tunable  filters. 

Description  of  the  Resonance  Phenomenon  —  Let  us  suppose  that  a  dc 
//-field  of  strength  //„  is  applied  to  a  single-crystal  YIG  sphere  in  a 
horizontal  direction,  and  then  the  direction  of  the  HQ  field  is  rapidly 
switched  to  the  vertical  direction  as  shown  in  Fig.  17.05-l(a).  The  YIG 
material  contains  unpaired  electrons  which  yield  magnetic  moments  as  a 
result  of  their  spins.  When  the  dc  //-field  is  rapidly  switched  to  the 
vertical  position,  these  spin  magnetic  moments  will  precess  about  the 
vertical  //-field  ii0  at  a  rate  of  roughly  (if  lt0  is  in  oersteds) 

(/ 0),e  •  2.0  //„  Me  (17.05-1) 

As  time  elapses  the  trajectory  of  tiie  electron-spin  magnetic  mo-rents  will 
spiral  in  toward  the  direction  of  the  //„  field  until  the  spins  will  ulti¬ 
mately  end  up  parallel  to  the  //Q  field.  If  the  fields  around  the  sphere 
are  sampled  while  this  process  is  going  on,  a  circularly  polarized  HF  field 
will  be  observed  about  the  sphere  like  that  which  would  be  created  if  the 

» 

To  this  iridr'i  knoaladfa  tin  first  ■icrirm  filtar  itriclin  usiaf  •  farriaafaatic  raaoaator 
aaa  dua  to  R.  V.  Dafirasaa  (aaa  Rat.  20).  Ilia  davica  aaa  primarily  a  fiaad- fraqaaacy  aarroa- 
baad  liaitar. 
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FIG.  17.05-1  A  YIG  SPHERE  WITH  A 

CIRCULARLY  POLARIZED 
RF  MAGNETIC  MOMENT  IS 
SHOWN  AT  (o).  EXTERIOR 
CIRCULARLY  POLARIZED 
RF  MAGNETIC  FIELDS  ARE 
SHOWN  AT  <b)  AND  (c) 


sphere  contained  a  magnetic  dipole 
rotating  at  the  resonance  rate  given 
approximately  by  Eq.  (17.05-1).  This 
rotating  dipole  moment  is  pictured 
by  Fig.  17.05-l(a).  The  circularly 
polarized  magnetic  field  seen  to  be 
emanating  from  the  sphere  would  die 
out  exponentially  with  time  in  the 
same  way  that  transient  voltages  and 
currents  die  out  in  a  resonant  cir¬ 
cuit  having  dissipation  loss. 

Let  us  now  consider  another  ex¬ 
periment.  If  the  //0  -  field  is  on  and 
a  circulurly  polarized  KF  //-field  is 
applied  as  indicated  by  the  rotating 
h*  vector  in  Fig.  17.05-l(b),  the 
I1F  field  will  have  no  effect  on  the 
sphere  unless  the  frequency  is  at  or 
very  near  the  ferrimagnetic  resonance 
frequency,  which  was  given  approxi¬ 
mately  by  Eq.  (17.05-1).  When  the 
circularly  po lari  zed  applied  field  is  at 
or  very  near  the  ferrimagnetic  reso¬ 
nance  frequency,  circularly  polarized 
HF  //-fields  will  build  up  about  the 
sphere  in  much  the  same  way  as  the 
//-field  will  build  up  in  the  induct¬ 
ance  of  an  L-C  tuned  circuit  excited 
at  its  resonant  frequency. 


If  a  circularly  polarized  field 
with  the  circular  polarization  in  the 
opposite  direction,  as  indicated  by  the  rotating  vector  in  Fig.  17.05-l(c), 
is  applied,  the  sphere  will  not  respond  even  if  the  signal  is  at  the  ferri¬ 
magnetic  resonance  frequency.  Thus  it  is  seen  that  the  resonance  phenomenon 
is  nonreciprocal. 

If  a  linearly  polarized  HF  //-field  is  applied  to  the  sphere  in  a 
direction  perpendicular  to  the  biasing  field  //„,  it  will  be  found  that  the 
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sphere  will  respond  by  enisnsting  s  circulsrly  polsrixed  BP  H- field,  pro* 
vided  that  the  linearly  polarised  field  is  at  or  very  near  the  ferri- 
■sgnetic  resonance  frequency.  The  reason  for  this  is  that  any  linearly 
polarised  field  may  be  regarded  as  being  the  sum  of  two  circularly 
polarised  fields  of  equal  strength  rotating  in  opposite  directions.  Thus 
one  of  the  circularly  polarised  components  of  the  linear  field  will  excite 
the  sphere.  Because  of  this,  depending  on  the  manner  in  which  ferr imagnetic 
resonators  are  used,  the  transmission  characteristics  of  the  filter  may  be 
either  reciprocal  or  nonreciprocal. 

Parameters  of  Ferr imagne  t ic  Resonator  Materials  —  Several  parameters 
characterise  the  various  types  of  materials  that  can  be  used  to  construct 
ferrisiagnetic  resonators: 


(1) 

Saturation 

magnetization,  M 

(2) 

Line  width 

AH,  or  unloaded  Q,  Q 

(3) 

Anisotropy 

field  constant, 

(4) 

Curie  temperature,  T  . 

The  saturation  magnetisation  M,  is  a  function  of  the  number  of  elec¬ 
tron  spins  in  the  material  per  unit  volume.  The  larger  the  Mf,  the  easier 
it  is  to  couple  from  an  exterior  strip- line  or  waveguide  circuit  to  a 
ferrimagnetic  resonator. 


The  line  width  All  is  defined  in  various  ways,  but  it  is  basically  the 
width  of  the  resonance  in  oersteds  as  the  signal  frequency  is  held  constant 
and  the  applied  dc  field  is  varied.  For  filter  applications  the  line  width 
AH  ia  usually  defined  as  the  difference  between  the  two  values  of  biasing 
field  (at  each  side  of  resonance)  for  which  the  imaginary  part  of  the  in¬ 
trinsic  susceptibility  of  the  material  equals  the  real  part,  while  fre¬ 
quency  is  held  constant.  Looking  at  the  same  resonance  phenomenon  from 
the  viewpoint  of  holding  the  biasing  field  constant  and  varying  the  fre¬ 
quency,  we  measure  the  unloaded  Q  of  the  resonator  With  .Ml  defined  as 
above,  for  a  spherical  resonator 


/„q  q~6) 

2.8  AH 


(17.05-2) 


where  /0  is  the  resonant  frequency  in  cycles  per  second  and  A H  is  the  line 
width  in  oersteds.  The  unloaded  Q  of  Y1G  will  increase  with  frequency  up 


1«2I 


/ 


to  around  5  or  10  Gt,  but  the  curve  of  Qa  vs.  frequency  then  levels  out.* 
However,  useful  Q‘ *  appear  to  be  possible  up  to  at  least  60  Gc,.10 

The  line  width  (or  unloaded  Q )  that  will  be  measured  for  a  ferri- 
magnetic  resonator  will  depend  upon  both  the  material  itself  anti  the  shape 
and  aurface  finish  of  the  material.  in  order  for  the  line  width  to  be 
narrow  (and  for  the  unloaded  ^  to  be  high)  the  internal  field  within  the 
material  must  be  uniform.  Assuming  that  the  applied  //0 -field  is  uniform 
before  the  material  is  inserted,  in  order  for  the  resonator  material  to 
have  s  uniform  //-field  within  itself  after  being  inserted  within  the  bias¬ 
ing  field,  the  resonator  must  be  spheroidal  or  ell  ipsoidal  .7<<’29  Further,  in 
order  to  achieve  the  narrowest  possible  line  width  (and  highest  possible 
unloaded  Q) ,  it  is  necessary  that  the  surface  of  the  resonator  be  very 
highly  polished.  Even  when  a  ferrimagnet ic  resonator  is  spheroidal  or 
ellipsoidal  and  is  highly  polished,  its  line  width  may  still  be  degraded 
by  the  presence  of  metallic  walls  near  the  resonator.  Some  of  this 
degradation,  however,  is  unavoidable  in  most  filter  structures 

The  first-order  anisotropy  field  constant  Kl/Mt  is  important  because 
of  the  lattice  structure  of  single-crystal  material.  The  lattice  structure 
makes  the  material  easier  to  magnetise  along  some  crystal  axes  than  along 
others.  Because  of  this,  the  ferri magnet ic  resonance  frequency  of  a  ferri- 
magnetic  resonator  will  be  influenced  to  some  extent  by  the  orientation  of 
the  crystal  axes  with  respect  to  the  biasing  field  //„ .  As  will  be  discussed 
below,  the  first-order  anisotropy  field  constant  Kt/Mt  is  used  in  computing 
the  resonant  frequency  for  various  orientations  of  the  crystal  lattice  with 
respect  to  the  biasing  field.  There  is  also  a  second-order  constant,  but 
it  is  so  small  as  to  be  unimportant  for  the  applications  herein. 

The  Curie  temperature  T  is  the  temperature  at.  which  the  saturation 
magnetization  drops  to  zero.*  Kesonator  operation  at  temperatures  close 
to  or  above  T  is  not  possible. 

Table  17.05-1  presents  values  for  the  parameters  discussed  above  for 
various  materials.  Note  that  the  saturation  magnetization  is  given  in 
gaussian  units  and  is  listed  aa  ivhl t  gauss.  This  is  the  most  commonly  used 
unit  for  saturation  magnetization.  These  values  could  be  converted  to  mks 
■•nits  by  use  of  the  conversion 


(^i))W|  in  webers/meter*)  -  (4 nWf  i’i  gauss)10~4 


( 17 . 05- 3a ) 


or 
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(#,  in  ampere-turno/metcr)  •  79.5(4??#,  in  gauss)  .  ( 17 . 05- 3b) 

Also  recall  that 

(//„  in  s.«pere  - turns/meter )  «  79.5(W0  in  oersteds).  (17.05-4) 

Note  that  in  Table  17.05-1  the  A H  *  0.22  oersted  line  width  listed 
U'hich  is  for  a  very  high-quality  YlG  resonator)  corresponds  to  an  unloaded 
Q  of  6500  at  4  Uc.  This  line  width  was  measured  in  a  waveguide  with  the 
spherical  resonator  some  distance  from  any  Metallic  walls.  In  practical 
filters  the  YlG  resonators  must  be  closer  to  metal  walla,  and  the  disturb¬ 
ing  effects  of  the  currents  in  the  walls  may  reduce  the  unloaded  Q  to 
2000  or  leas. 


TabU  17.05-1 

PROPERTIES  OF  SINGLE-CRYSTAL  FERRIMAGNETIC  MATERIALS 
FOR  MAGNETICALLY  TUNABLE  FILTERS6 


MATERIAL 

4i«,  (AT  ROOM 
TEMPERATURE ) 
(,ee*a) 

K|/M,  (AT  ROOM 
TEMPERATURE) 

(eer.teS.  ) 

C#'  (AT  ROOM 
TEMPERATURE ) 

r. 

(°C> 

Yttrium- Iroe-Gentet* 
(YIG) 

1750 

-43 

0.22  (4  Uc), 
(Ref.  3) 

292 

i  i\Ti  j.\  ^  n',  * 

50  -  1750 
600 

950  *  50 

ES 

0.7  -  2.U  (el 
4.4  lie ) 

lbO 

206 

Lithium  Ferrite 

3550  t  40 
(Ref.  11) 

-- 

3*(5  Uc) 

■ 

“Plener"  Ferrite 

"FiijF**  (B«j  jZnjF«j  jOj j ) 

2850 

(Ref.  12) 

4950 

(lief.  12) 

16  U-bend), 
(Ref.  12) 

■ 

Ikon  «•!••>  of  £Jt  voro  aoaoorod  in  coritioa.  H»a  liao  vidtli  way  vary 
considerably  froa  napla  to  aaopla  aad  will  ba  larger  wbaa  aaaswrad  ia 
a  cloaad'ia  filter  atractara. 

^  Tbaaa  aateriala  ware  supplied  by  Microwava  Cbeaical  Laboratory,  Now  York,  N.Y. 

^  Private  eoaHaaaicatioa  to  P.  8.  Carter,  Jr.,  froa  J.  V.  Niaiaoa,  Airtroa 
Diviaioa  of  Littoa  Industries,  Morris  Plaiaa,  Now  Horsey. 


Tlie  value  of  A//  may  vary  considerably  from  sample  to  sample  of 
a  given  type  of  material,  depending  on  how  perfect  the  crystal  structure 
is.  However,  Mg,  Kl/M§,  and  Te  are  physical  constants  for  a  given  type 
of  material,  and  should  vary  only  slightly  from  sample  to  sample.  As 
will  be  discussed  later,  and  Kl/Mf  do  vary  with  temperature.  . 
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Determination  of  the  fiexor.ant  Frequency —  Three  factor*  nay  cause  the 
resonant  frequency  of  4  ferrinagnetic  reaouator  to  differ  from  the  fre- 
quency  indicated  by  Eq.  (17. OS-1): 

(1)  The  shape  of  the  resonator 

(2)  Crystalline  anisotropy 

(3)  Interaction  with  currents  in  metallic  walls  close  to 
the  ferrimagnetic  resonator. 

The  shape  of  the  resonator  can  affect  the  resonant  frequency  because 
the  shape  affects  the  intensity  of  the  demagnetizing  field  within  the 
resonator. 1,t,n  Assuming  that  the  biasing  field  H0  is  in  the  z  direction,  and 
x  and  y  are  rectangular  coordinates  perpendicular  to  //Q ,  then  for  any 
ellipsoidal  resonator  the  resonant  frequency  (neglecting  anisotropy  effects) 
is  given  by 

(/0)Mc  -  2.8  ^//0  -  (Afj  -  Ni)(ivH'))[H0  ~  (I Sr  ~  Ny)UnH,)]  Me 

(17.05-5) 

where  Ng.  Nf,  and  are  demagnetizing  factors7,1  in  the  x,  y,  and  z  direc¬ 
tions,  //0  is  in  oersteds  and  4vUt  is  in  gauss. 

For  a  sphere 

N  =  N  -  N  «  -  ,  (17.05-6) 

1  *  •  3 

and  Eq.  (17.05-5)  becomes 

(/0)>f  -  2.8  «0  Me  ,  (17.05-7) 

which  is  identical  to  Eq.  (17.05-1). 

We  may  consider  a  long  thin  rod  and  a  very  thin  disk  as  limiting  cases 
of  ellipsoids.  For  an  infinitely  tliin  rod  parallel  to  //„ , 

N  -  JV  -  -  and  N  =  0  (17.05-8) 

*  y  2  1 

For  an  infinitely  thin  disk  in  the  plane  of  ll0  and  the  y  axis, 

Nt  »  1,  and  Nf  *  Nt  ‘  0  (17.05-9) 
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If  the  disk  lie*  in  the  plane  of  the  x  and  y  axis,  then 


Nm  -  Ny  ‘  0  and  Nt  -  1  (17.05-10) 


Thus,  it  can  be  seen  that  the  shape  of  the  resonator  can  have  considerable 
effect  on  the  resonant  frequency.  However,  of  the  possible  ellipsoidal 
shapes  that  can  be  used,  the  sphere  is  generally  the  most  practical  since 
xt  is  the  easiest  to  prepare  with  precision. 

Materials  such  as  YIG  and  GaYlG,  which  have  cubic  crystal  structure, 
have  three  types  of  principal  crystal  axes:  the  [100],  the  [ 1 1 0] ,  and  the 
[111]  axes.13  Even  thoughthere  are  only  three  kinds  of  principal  axes, 
there  are  three  [  1 00 ]*'  axes,  six  [110]  axes,  and  four  [ill]  axes  in  each 
single-crystal.  For  a  given  applied  biasing  field  H0,  the  resemant  fre¬ 
quency  of  a  ferrimagnetic  resonator  will  be  influenced  by  the  direction 
of  these  axes  relative  to  the  direction  of  the  applied  field.  The  opposite 
extremes  of  this  effect  occur  when  the  [ill]  or  the  [100]  axis  is  parallel 
to  the  H Q  field,  when  the  [110]  axis  is  parallel  to  H0  an  intermediate 
effect  results.  For  a  sphere  of  cubic  crystal  material  with  a  [ill]  axis 
parallel  to  the  lt0  field,  Eq.  (17.05-7)  becomes 


while  if  a  [100]  axis  is  parallel  to  H0 


(17.05-11) 


(17.05-12) 


where  W#  and  K , /lf4  are  in  oersteds.  For  YIG  or  UaYIG,  Kl/Ml  is  negative 
and  Eq.  (17.05-11)  gives  resonance  for  a  lower  field  strength  than  does 
Eq.  (17.05-12).  As  a  result,  for  materials  such  as  YIG  and  GaYIG  which 
have  negative  K j/W,,  the  L 1 1 1 ]  axes  are  known  as  easy  axes  while  the 
[100]  axes  are  known  as  hard  axes.  If  Kj/W,  is  positive,  the  roles  of 
these  axes  are  reversed.  For  YIG,  the  difference  in  resonant  frequencies 
given  by  Eqs.  (17.05-11)  and  (17.05-12)  is  about  401  Me,  which  is,  of 
course,  a  significant  difference.  Figure  17.05-2  shows  curves  of  the 
resonant  frequency  vs.  biasing  field  strength  for  the  [100],  [110] ,  and 

[111]  axes  parallel  to  the  biasing  field. 
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FIG.  17.05-2  RESONANT  FREQUENCY  OF  YIG  SPHERE  v*.  APPLIED  dc  FIELD 
WITH  FIELD  ALONG  THE  [100],  [110],  OR  [111] 

PRINCIPAL  AXES 


t 


If  a  sphere  of  ferrimagnetic  material  with  cubic  crystal  structure 
is  rotated  about  a  [ 1 i 0 ]  crystal  axis  that  is  perpendicular  to  // 0 ,  the 
value  of  biasing  field  //0  retired  to  give  resonance  at  (/0)Mc  megacycles 
is 


(f o) Uc 
2.8 


(r  - 


15 

—  sin 
8 


J 


oersteds 


(17.05-13) 


where  V  is  the  angle  between  ll0  and  that  [100]  axis  which  becomes  parallel 
to  H j  as  the  sphere  is  rotated  about  the  given  [  1 1 0 ]  axis.  This  manner  of 
rotation  will  cause  the  sphere  at  different  times  to  have  a  [100]  or  a 
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[ill]  axis  parallel  to  //g,  and  the  field  atrength  for  reaonance  will 
cover  the  largeat.  possible  range  aa  the  reaonator  is  rotated. 

Figure  17.05-3  preaenta  measured  data,  due  to  Y.  Sato  and  P.  S.  Carter,  Jr.  ,* 
which  show  how  the  measured  field  strength  for  resonance  at  3000  Me  varies 
as  a  YIG  sphere  is  rotated  about  an  [  1 1 0 ]  axis  that  is  perpendicular  to  //„. 

As  was  mentioned  above,  the  metallic  boundary  conditions  reen  by  ferri 
magnetic  resonators  can  also  alter  their  resonant  frequencies.  If  all  of 
the  resonators  see  the  same  boundary  conditions,  this  effect  should  cause 
no  trouble.  However,  if  one  or  more  of  the  resonators  see  different  bound¬ 
ary  conditions  (such  as  generally  occurs  in  a  filter  with  three  or  more  YIG 
resonators)  then  some  means  for  compensating  for  the  detuning  effects  of 
the  metallic  boundaries  is  desirable.  A  successful  way  of  doing  this  has 
been  found:  spherical  resonators  are  mounted  in  such  a  way  that  they  can 
be  rotated  aLout  [  1 1 0 ]  axes  that  are  perpendicular  to  llQ ,  as  was  done  in 
making  the  measurements  in  Fig.  17.05-3.  Using  this  technique,  the  reso¬ 
nators  can  be  tuned  by  rotating  their  mounting  shafts  until  angular  posi¬ 
tions  relative  to  each  other  are  obtained  that  will  give  synchronous  tuning 

Minimum  Tuning  Frequency— As  a  ferrimagnetic  resonator  is  tuned  to 
lower  and  lower  frequencies,  the  applied  field  ll0  to  give  resonance  gets 


FIG.  17.05-3  FIELD  STRENGTH  TO  GIVE  RESONANCE  AT  3000  Me  AS  A  YIG  SPHERE 
IS  ROTATED  ABOUT  A  [110]  AXIS  WHICH  IS  PERPENDICULAR  TO  H0 
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FIG.  17.05-4  APPROXIMATE  MINIMUM  RESONANT  FREQUENCIES  OF 
FERRIMAGNETIC  ELLIPSOIDS  HAVING  VARIOUS  AXIS 
RATIOS 

smaller  and  smaller.  Wlien  the  applied  field  becomes  so  low  us  to  be 
approximately  equal  to  or  less  titan  the  demagnetizing  field,  l  lit*  reso¬ 
nator  will  cease  to  function.  Since  the  demagnetizing  field  is  deter¬ 
mined  by  A/  and  the  demagnetizing;  factors  (which  are  a  function  of  the 
shape  of  the  resonator),  the  minimum  resonant,  frequency  is  determined  by 
Mt  and  the  resonator  shape.  figure  17.05-4  shows  plots  of  the  minimum 
resonant  frequency  /" ' "  1 u  gigacyeles  us.  4wV(  in  gauss  for  various 
ellipsoidal  shapes.  Note  that  for  Yl(i,  which  has  •inti  ~  1750  gauss,  the 
minimum  resonant  frequency  for  u  spherical  sample  is  approximately  1630  Me. 
(In  practice,  the  minimum  frequency  is  found  Lo  lie  a  little  higher  than 
this.)  In  theory,  hy  _  ii  sing  flat,  disk-like  ellipsoidal  shapes  the  minimum 
resonant  frequency  could  be  reduced  greatly.  However,  in  practice,  disk¬ 
shaped  resonators  do  not  appear  lo  work  very  well,  possibly  because  of  the 
difficulty  in  obtaining  disk-like  resonators  tliut  are  sufficiently  perfect 
ellipsoids. 

A  more  practical  way  of  obtaining  lower  minimum  resonant  frequencies 
appears  to  be  to  use  spheroidal  resonators  of  si ng I e- r rysta 1  material 
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having  a  lower  value  of  4 irllt.  At  thia  time  the  gal  1  ium- substi tuted  YIG 
materials  appear  to  be  the  most  promising  in  this  respect.  For  example, 
the  GaYIG  material  with  \vM  t  c  600  gauss  listed  in  Table  17.05-1  should 
give  a  minimum  resonant  frequency  of  around  700  Me  for  a  spherical  sample 
The  possible  disadvantages  of  such  materials  arc  that  the  lower  values  of 
H  ,  will  make  coupling  from  the  external  circuit  to  the  spheres  more  dif¬ 
ficult,  and  the  line  widths  of  the  material  may  not  be  as  narrow  as  those 
obtainable  with  ordinary  YIG. 


Temperature  Effects  —  Temperature  will  affect  the  values  of  K./ Af<( 

*nd  AW.  Of  these  effects  probably  the  changes  in  Kl/H,  are  potentially 
the  most  troublesome.  Figure  17.05-5  shows  some  measured  data  due  to 
Dillon14  for  -Kl/Ml  vs.  temperature  in  degrees  Kelvin  for  YIG.  Note  that 
the  anisotropy  constant  varies  considerably  with  temperature.  By 
Eq.  (17.05-11),  if  the  [111]  axis  is  parallel  to  W0  the  change  in  reso¬ 
nant  frequency  A /„  due  to  a  change 
A| Kj/Wj  in  the  anisotropy  field 
constant  is 


(A/J 


O'Mc 


1,3  ^ 


Me  (17.05-14) 


while  if  the  [100]  axis  is  par¬ 
allel  to  W0 

’  56  a|~|  Me  (17.05-15) 


where  A|Kj /M j |  is  in  oersteds. 
From  Fig.  17.05-5,  for  a  change 
in  temperature  from  100°F  to 
200°F  (i.e.  ,  31 1 °K  to  466°K), 

A|K, /M '\  =  31  oersteds.  Then  the 
changes  in  resonant  frequency 
given  by  Eqs.  (17.05-14)  and 
(17.05-15),  are  115  and  173  Me, 
respectively.  Thus,  we  see  that 
the  shift  in  resonant  frequency 
can  be  quite  significant  if  the 
change  in  temperature  is  large. 


SOUHCF.t  Physical  Review  (sec  Hef.  14  by  J.  F.  Dillon,  Jr.) 

FIG.  17.05-5  MEASURED  VARIATION  OF 
-K./M,  vs.  TEMPERATURE 
FOR  YIG 
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SATURATION  MAGNETIZATION,  41TM,—  gouu 


It  should  be  possible  to  'eliminate  the  effect  of  temperature  on  the 
resonant  frequency  by  orienting  the  crystal  axes  in  certain  directions. 
Note  that  iu  Fig.  17.05-3  the  resonant  frequency  in  megacycles  is  given 
by  2.8  H „  when  the  sphere  is  oriented  at  the  plus  or  minus  27  degree 
points.  With  these  orientations,  the  anisotropy  effects  are  cancelled 
out,  and  the  resonant  frequency  should  be  independent  of  temperature. 

Figure  17.05-6  shows  some  measured  data  of  4? ill t  vs.  temperature, 
which  was  obtained  from  work  of  Kooi ,  Stinson,  Moss,  Bradley,  and 
Freiberg.1' 

Note  that  tiie  saturation  magnetization  decreases  as  the  temperature 
increases.  As  will  be  seen  from  the  discussion  in  Sec.  17.07,  the  ex¬ 
ternal  Q'  a  of  a  filter  will  be  proportional  to  1/M  ,  while  the  coupling 
coefficients  between  resonators  are  proportional  to  .  As  a  result, 
the  bandwi  „h  of  the  filter  will  be  proportional  to  M  while  the  response 
shape  (i  .,  its  Tcheby sc  lie f f  character,  for  example)  should  remain  un¬ 
changed  .a  is  varied.  Of  course,  if  is  decreased  (and  the  bandwidth 


SOURCEi  Lui’kherd  I.MSD  Semi- Annual  Report  No.  H7I2  (wee  Ref.  IS  by 
(!.  Kooi,  D.  Stinson,  R.  Moaa,  F.  Bradley,  and  I..  Freiberg) 


FIG.  17.05-6  MEASURED  VARIATION  OF  SATURATION  MAGNETIZATION  WITH 
TEMPERATURE  FOR  TIG 
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is  decreased),  the  pass-band  dissipation  loss  will  increase,  as  is  always 
the  case  when  a  filter's  bandwidth  is  narrowed;  if  the  resonator  unloaded 
Q’ s  are  held  constant. 

Data  from  Spencer,  LeCraw,  and  Linares18  indicates  that  for  very  pure, 
well-polished  YIG,  the  line  width  should  vary  approximately  proportionally 
to  the  absolute  temperature,  at  least  in  the  room  temperature  range.  Since 
the  line  width  controls  the  unloaded  Q  of  the  resonators,  this  will  have 
some  influence  on  the  dissipation  loss  of  the  filter.  liowever,  unless  the 
temperature  ranges  covered  are  very  large,  this  effect  should  not  be  of 
great  importance  in  most  practical  situations. 

Higher -Order  Magnetostatic  Modes— In  the  desi red  “ f ree-precessional " 
resonant  mode  of  ferrimagnetic  resonators,  all  of  the  electron  spins  pre- 
cess  with  the  same  phase.  However,  if  either  the  applied  biasing  //-field 
or  the  RF  //-field  is  not  uniform,  higher-order  modes  can  occur  in  which 
the  phases  of  the  precessions  in  parts  of  the  sphere  will  be  different 
from  the  phases  in  other  parts.  This  causes  the  ferrimagnetic  resonator 
to  have  more  than  one  resonant  frequency  for  a  given  value  of  biasing 
//-field.17  Because  of  the  metallic  material  required  near  ferrimagnetic 
resonators  in  order  to  couple  to  them,  there  are  almost  always  some  dis¬ 
turbing  effects  which  will  tend  to  excite  higher-order  magnetostatic  modes. 
However,  if  care  is  taken  to  keep  the  magnetic  fields  as  uniform  as  pos¬ 
sible,  it  should  in  most  cases  be  possible  to  keep  spurious  responses  due 
to  higher-order  modes  at  a  level  of  30  or  more  db  below  the  level  of  the 
main  response. 

Besides  designing  the  structure  so  as  to  keep  the  fields  as  uniform 
as  possible,  another  important  measure  is  to  keep  the  ferrimagnetic  reso¬ 
nator  as  small  as  possible.  Fletcher  and  Solt18huve  found  that  if  other 
factors  are  held  equal,  the  coupling  to  higher-order  magnetostatic  modes 
depends  on  the  ratio  Dm/\  where  is  the  diameter  of  the  sphere  and  \ 
is  the  wavelength  at  the  frequency  in  question.  The  smaller  Dm/k,  the 
less  coupling  there  will  be  to  higher-order  modes.  Thus,  it  is  desirable 
to  make  ferrimagnetic  resonators  as  small  as  possible  —  consistent  with 
considerations  of  obtaining  adequate  coupling  from  the  external  circuit 
to  the  desired  resonance  of  the  resonators. 

Pover  Uniting  Effects — When  the  power  passing  through  a  ferrimagnetic 
resonator  becomes  sufficiently  large,  the  insertion  loss  of  the  resonator 
will  begin  to  increase  greatly  as  a  result  of  nonlinear  effects.19  Because 
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of  this  property  of  ferrimagnetic  resonators,  ferromagnetic  resonance 
filters  also  find  application  as  limiters.  Depending  on  the  circuit 
design,  type  of  resonator  material,  nnd  frequency  range,  the  limiting  level 
may  he  much  less  than  a  milliwatt  or  up  to  around  10  watts  .M-2*'22,25,5,4  \  treat 

menl  of  the  theory  of  ferrimagnetic  limiting  is,  however,  beyond  the  scope 
of  this  discussion. 

SEC .  17.06,  DETERMINATION  OK  THE  CRYSTAL  AXES  OK  SPHERICAL 
KERItl MAGNETIC  RESONATORS 

The  crystal  axes  of  ferrimagnetic  resonators  can  be  determined  by 
X-ray  techniques,  but  fortunately  there  are  simpler  and  easier  methods. 

When  a  spherical  ferrimagnetic  resonator  is  placed  within  a  strong  mag¬ 
netic  field,  it  will  automatically  try  lo  align  itself  so  that  one  of  its 
“easy”  axes  will  be  parallel  to  the  applied  field.  If  all  of  the  reso¬ 
nators  of  a  fer r 1 mugne t i c - resona tor  filter  see  the  same  boundary  conditions 
(such  as  is  usually  the  case  in  two- resonator  ferrimagnetic  filters)  then 
aligning  the  resonators  on  their  easy  axes  by  Lliis  method  is  usually  suf¬ 
ficient  After  the  easy  axis  of  a  resonatoi  is  determined  by  use  of  a 
strong  magnetic  field,  the  resonuLor  is  cemented  to  a  smu 1  1  dielectric 
mount  in  the  desired  position. 

As  was  discussed  in  Sec.  17.05,  the  easy  axis  is  the  I  111]  axis  lor 
y  1 1  r  i  urn  -  i  roil  -  garnet  (Yl(i)  or  ga  I  I  ium- suhst  i  tilled  y  t  tri  uin- i  run- garnet 
(GuYUi),  both  of  which. have  negative  anisotropy  constants.  Ill  some  cases, 
it  may  be  desirable  lo  rotate  a  resonutor  sphere  about  a  [  1 1 0 ]  axis  in 
order  to  obtain  a  tuning  effect  of  mux iiniiiii  size,  or  in  order  to  orient  the 
resonator  lo  a  direction  where  anisotropy  effects  will  he  cancelled  out, 

Lo  make  the  tuning  of  the  resonator  independent  of  temperature.  In  order 
lo  locate  a  L 1 1 0 ]  axis,  special  procedures  are  rejuired. 

A  technique  lor  determining  crystal  axes  oilier  than  the  easy  axes 
has  been  described  by  M.  Auer.24  ilis  procedure  involves  geometric  con¬ 
struction  to  determine  the  location  of  other  axes  alter  two  easy  uxe.s  have 
been  determined.  P.  S.  Curler,  Jr.  and  Y.  Sato*'2*  have  extended  Auer’s 
method  by  devising  an  aligning  jig  which  accomplishes  the  desired  results 
very  quickly  and  simply. 

RrielJy,  the  device  of  Carter  und  Su l o'4'2*  work s  as  follows.  The  magnet 
is  placed  on  a  rotating  mount  as  shown  in  Kig.  17.06-1  so  that  the  field 
can  he  oriented  in  any  desired  direction  with  respect  to  the  jig  that  holds 
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FIG.  17.06-1  DEVICE  FOR  ORIENTING  FERRIMAGNETIC  CRYSTALS  USING  A 
ROTATABLE  ELECTROMAGNET  AND  ALIGNING  JIG 

the  spherical  crystal.  The  crystal  is  first  mounted  so  that  it  is  free 
to  turn  until  an  easy  axis  (of  which  there  are  four  in  a  cubic  crystal 
with  negative  anisotropy)  comes  into  coincidence  with  the  direction  of 
the  magnetic  field.  After  this  first  orientation  is  completed,  the  sphere 
is  attached  (using  some  easily  soluble  glue,  wax,  etc.)  to  a  wire  which  is 
in  line  with  the  determined  easy  axis  and  which  is  placed  in  a  radial  hole 
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FIG.  17.06-2  ALIGNING  JIG  SHOWING  YIG  SPHERE  ATTACHED  TO  WIRE  ALONG 
ONE  EASY  AXIS  AND  QUARTZ  ROD  ALONG  [110]  AXIS 

in  the  side  of  the  aligning  jig  as  shown  in  Fig.  17.06-2.  This  wire  is 
free  to  turn  in  the  radial  hole  under  the  influence  of  the  small  torques 
exerted  on  the  ferrimugnetic  sample  by  an  applied  dc  field.  1'his  step 
locates  and  retains  one  of  the  easy  axes,  and  permits  the  sphere  to 
rotate  about  this  axis. 

The  next  step  is  to  rotate  the  magnet  by  an  amount  that  depends  on 
the  crystal  axis  which  one  is  trying  to  locate  To  determine  the  [110] 
axis  (the  face  diagonal)  requires  (as  shown  in  Fig  2  of  He  1 .  20)  that 
we  locate  a  second  easy  axis  displaced  from  the  first  by  10'A  degrees. 
This  second  angle  is  accurately  located  by  means  of  the  milling  head 
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protractor.  The  ferrimsgnetic  aphere  rotatea  on  the  wire  to  which  it  waa 
attached  in  the  previous  atep,  ao  that  the  second  easy  axis  ia  now  placed 
along  the  dc  field.  The  final  atep  ia  to  attach  the  aphere  to  a  dielectric 
rod  along  the  [110]  axia.  A  radial  hole  ia  located  in  the  aide. of  the 
alignment  jig  along  the  biaector  of  the  angle  between  the  two  easy  axes. 

The  radial  hole,  and  the  dielectric  rod  that  it  holda  in  poaition,  are 
altown  in  Fig-  17.06-2.  The  sample  ia  attached  to  the  dielectric  rod  (or 
other  holder)  with  a  drop  of  cement  and  the  wire  is  taken  off. 

SEC.  17.07,  DESIGN  OF  MAGNETICALLY  TUNABLE  BAND-PASS  F1LTEHS 

WITH  TEM-MODE  INPUTS  AND  OUTPUTS,  AND  A  DISCUSSION 
OF  GENEHAL  DESIGN  PIUNCIPLES 

Figure  17.07-1  shows  a  possible  form  of  single- resonator  magnetically 
tunable  filter.  This  filter  uses  two  coupling  loops,  oriented  perpendicu¬ 
larly  to  each  other  to  minimise  the  coupling  between  them.  One  loop  is 
within  the  other,  and  a  spherical  ferr (magnetic  resonator  is  so  placed  as 
to  be  at  the  center  of  both  loops.  (in  the  picture  shown,  the  loopj  would 
have  to  be  somewhat  egg-shaped,  with  the  long  dimension  of  the  y  loop  in 
the  x  direction  and  the  long  dimension  of  the  x  loop  in  the  z  direction, 
in  order  that  both  loops  will  have  e.jual  coupling  to  the  sphere  and  still 
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FIG.  17.07-1  A  SINGLE-RESONATOR  MAGNETICALLY  TUNABLE  FILTER 
USING  LOOP  COUPLING 
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not  touch  each  other.)  The  biasing  W#- field  is  parallel  to  the  plane  of 
both  loops.  When  a  signal  at  the  ferrimagnetic  resonant  frequency  is  ap¬ 
plied  to  the  x  loop,  resonance  will  be  excited  in  the  sphere  causing 
resulting  HK  magnetic  dipole  moments  in  both  the  x  and  y  directions.  The 
dipole  moment  in  the  y  direction  will  create  a  magnetic  field,  which  will 
couple  to  the  y  loop  and  result  in  transmission  to  the  termination. 
When  the  signal  applied  to  the  x  loop  is  not  at  the  ferrimagnetic  reso¬ 


nance  frequency,  there  will  be  no 
coupling  between  the  x  and  y  loops  ex¬ 
cept  for  a  small  unavoidable  amount  of 
stray  coupling. 

Successful  single-resonator  filters 
have  been  built  in  the  form  shown  in 
Kig.  17.07-1,  but  this  type  of  structure 
has  certain  iliaadvantages .  One  is  that' 


the  stray  coupling  is  larger  than  in 
some  other  possible  structures,  and  the 
other  is  that  the  HK  magnetic  fields 
are  not  very  uniform,  which  will  tend 
to  excite  higher-order  magnetostatic 
modes.  liotli  of  these  disadvantages  can 
be  combated  by  making  the  loops  and  the 
sphere  as  small  aa  is  practically 
leaai ble . 


FIG.  17.07-2  A  SINGLE-RESONATOR  Figure  17.07-2  shows  a  atrip-line 

STRIPLINE  MAGNET!-  ,  „ 

TUNABLE  s  ing  le- resonator  magnetically  tunable 

FILTER  fi  Iter'  structure.  In  this  structure  a 

dividing  wall  separates  the  two  strip¬ 
lines  and  decreases  the  coupling  between 
them.  Note  that  the  lines  are  at  right  angles  to  each  other,  which  will 
further  tend  to  reJuce  any  stray  coupling.  In  this  case  the  sphere  is 
placed  in  a  hole  in  the  wall  separating  the  two  strip-lines,  and  at  reso¬ 
nance  the  circularly  polarised  magnetic  moment  excited  in  the  sphere  will 
cause  coupling  from  one  strip-line  to  the  other.  This  structure  still 
has  a  non-uniform  HK  field  in  the  sphere  as  a  result  of  being  half  on  one 
aide  of  the  dividing  wall  and  half  on  the  other.  For  this  reason,  in 


order  to  minimise  difficulties  with  higher-order  modes,  the  sphere  should 
be  quite  snail  (i.e.,  of  the  order  of  a  fiftieth  to  a  hundredth  of  a 
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wavelength  in  dianeter).  Kotzebue**  hae  constructed  coaxial  filters  which 
are  very  similar  to  the  atrip-line  filter  shown  in  Fig.  17.07-2. 

Figure  17.07-3  shows  a  type  of  two- resonator  strip-line  structure 
with  which  Carter  has  obtained  very  good  results.4  In  this  structure, 
each  aphere  is  mounted  close  to  the  short-circuited  end  of  the  input  or 
output  atrip-line  structure.  Thus,  the  large  11F  W- field  in  the  vicinity 
of  the  short-circuits  gives  relatively  good  coupling  between  the  strip 
lines  and  the  spheres.  Coupling  between  spheres  is  obtained  by  use  of  a 
long  slot  having  its  long  dimension  parallel  to  the  axis  of  the  strip 
lines.  This  orientation  of  the  slot  causes  minimum  disturbance  of  the 
currents  and  fields  about  the  atrip  lines,  while  furnishing  maximum  iso¬ 
lation  between  the  atrip  lines.  Thus,  the  coupling  between  strip  lines 
is  extremely  small  when  the  spheres  are  not  resonant.  However,  when  the 
spheres  become  resonant,  the  circularly  polarised  RF  dipole  moment  in 
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FIG.  17.07-3  A  TWO-RESONATOR  MAGNETICALLY 
TUNABLE  FILTER  WITH  COUPLING 
THROUGH  TOP  AND  BOTTOM  WALLS 
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the  sphere*  provides  s  component  of  HF  //-field  which  will  couple  through 
the  elongsted  slot  very  essily,  and  good  coupling  is  obtained  between 
spheres.  This  structure  hss  the  advsntsge  of  providing  relatively  uniform 
RF  //-fields  so  that  higher-order  magnetostatic  modes  are  not  so  easily  ex¬ 
cited,  and  high  off-resonance  isolation  is  not  difficult  to  oibtain.  As 
compared  with  the  structures  in  Fig.  17.07-4,  which  are  about  to  be  dis¬ 
cussed,  the  structure  in  Fig.  17.07-3  has  the  disadvantages  of  requiring 
a  larger  magnet  air  gap  and  of  not  being  quite  as  suitable  for  the  design 
of  filters  with  more  than  two  resonators. 

Figure  17.07-4  shows  two  aide-wall  coupled  filter  configurations  which 
are  similar  to  that  ir.  Fig.  17.07-3  except  that  the  spheres  are  coupled 
through  the  side  wall  of  the  structure  instead  of  through  the  top  and 
bottom  wall.  One  advantage  of  this  structure  is  that  the  input  and  output 
strip-lines  can  lie  in  the  same  plane,  and  as  a  result  the  magnet  air  gap 
required  can  be  minimized.  Another  advantage  of  this  structure  is  that 
additional  spheres  can  be  added  as  shown  in  Fig.  17.07-4(b)  to  give  a 
filter  with  more  than  two  resonators,  while  all  of  the  resonators  see  very 
nearly  the  game  boundary  conditions.  As  can  be  seen  from  the  discussion 
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FIG.  17.07-4  TWO-  AND  THREE-RESONATOR  MAGNET  (CALL.  TUNABLE  FILTERS 
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in  Sec.  17. OS,  it  is  necessary  for  all  spheres  to  see  the  sane  boundary  . 
conditions,  and  for  all  spheres  to  have  the  sane  orientation  of  their 
crystal  axes  with  respect  to  if  the  spheres  are  all  to  have  the  aaaie 
resonant  frequencies  for  any  given  //„  and  given  tenperature.  Although 
the  structure  in  fig-  17 . 07 -4(b)  gives  relatively  uniform  boundary  con¬ 
ditions  for  all  spheres,  some  neans  for  tuning  the  spheres  is  desirable 
in  order  to  correct  the  small  tuning  errors  that  may  be  present.  In 
Fig.  17.07-4(b)  provision  for  rotating  the  spheres  about  a  [110]  axis 
(as  discussed  in  Sec.  17.05)  is  suggested.  A  disadvantage  of  the  struc¬ 
ture  in  Fig.  17.07-4(a)  as  compared  to  that  in  Fig.  17.07-3  is  that  in 
the  structure  in  Fig.  17.07-4(a)  it  may  be  necessary  to  place  the  spheres 
toward  the  inner  edges  of  the  strip-lines  in  order  to  obtain  adequate 
coupling  between  spheres.  This  puts  the  spheres  in  a  region  of  less 
uniform  HF  //-field,  which  makes  them  more  vulnerable  to  higher-order  modes. 

All  of  the  filters  in  Figs.  17.07-1  to  17.07-4  are  reciprocal,  except 
for  a  gyrator  action*  which  is  present  in  the  circuits  in  Fig.  17.07-1  and 
17. 07-2. 1,6  For  purposes  of  analysis  the  circuits  in  Figs.  17.07-1  to 
17.07-4  may  be  thought  of  as  operating  like  the  filter  with  magnetically 
coupled  resonators  shown  in  Fig.  17.07-5.  When  the  coupled  coil-  are  re¬ 
placed  by  their  T-equivalents,  the  circuit  in  Fig.  17.07-5  becomes  of  the 
form  in  Fig.  17.02-3,  except  for  a  small  amount  of  residual  sel f- inductance 
in  series  with  the  terminations  RA  and  flg .  Fortunately,  the  properties  of 
ferrimagnetic  resonators  are  such  that  they  give  nearly  constant  bandwidth 
as  the  filter  is  tuned,  without  resorting  to  special  measures  such  as~  were 
required  in  the  design  of  the  filters  in  Secs.  17.03  and  17.04.  There  will 
be  some  change  in  response  shape,  however. 

As  with  most  any  kind  of  narrow-band,  band-pass  filter,  the  desired 
response  shape  and  bandwidth  can  be  obtained  by  starting  with  a  low-pass 
prototype  filter  and  a  specified  desired  fractional  bandwidth  ip,  and  then 
computing  the  external  Q' s  and  coupling  coefficients  required  for  the  band¬ 
pass  filter,  by  use  of  Eqs.  (17.02-1)  to  (17.02-3).  The  tabulated  maximally 
flat  or  Tchebyscheff  low-pass  prototypes  in  Sec.  4.05  can  be  used,  but  the 
equal -element  prototypes  discussed  in  Sec.  11.07  should  be  of  special  in¬ 
terest  for  this  application.  The  rale  of  cutoff  of  the  filter  can  be 


Thia  civmi  1 B0  degreea  sore  phaae  shift  in  one  direction  of  trnnaaianion  than  in  other  direc- 
tioae  of  treaemiaaioa,  Thie  gyrator  ectioe  reeulla  fro*  the  fact  that  in  the  circaaita  iaa 
Fife.  17.01-1  aed  17.01-2  the  input  end  output  linte  couple  to  orthogonal  components  of  the 
circularly  polnrited  aagnetic  moment  within  the  ephere. 
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FIG.  17.07-5  EQUIVALENT  CIRCUIT  OF  A  FILTER  HAVING  n 
FERRIMAGNETIC  RcSONATORS 

*  t 

estimated  by  use  of  .the  mapping  defined  by  Kqs.  (17.02-20)  to  (17.02-22) 
along  with  the  charta  in  Sec.  4.0.1,  or  by  use  of  the  data  in  Sec.  11.07. 
The  midband  dissipation  loss  to  be  expected  can  be  estimated  by  use  of 
the  methods  of  Secs.  11.06  or  11.07. 

Once  the  filter  design  has  been  fixed  in  terms  of  determining  the 
required  number  of  resonators,  determining  the  required  external  Q’ s  of 
the  end  resonators,  and  determining  the  coupling  coefficients  of  the 
couplings  between  resonators,  the  designer  can  focus  his  attention  on  the 
physical  parameters  of  the  circuit  required  to  realise  these  coupling 
properties.  Let  us  now  consider  the  design  of  the  structure  after  the 
desired  values  for  the  external  Q’ »  and  coupling  coefficients  have  been 
determined. 

Design  for  Prescribed  External  Q' s— Carter3  has  derived  approximate 
expressions  for  the  external  Q  of  ferrimagnetic  resonators  in  various 
coupling  structures.  For  a  loop  of  radius  r  meters  having  a  sphere  of 
volume  Fa  cubic  meters  at  its  center,  the  external  Q  is 


(17.07-1) 


where  RA  is  the  terminating 
sel f- inductance  of  the  loop 
is  the  permeability  of  air, 


resistance  connected  to  the  loop,  Lt  is  the 
in  henries,  =  1.256  *  10”6  henries/ineter 
and 
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(17.07-2) 


where  '/  *  1.759  *  1011  (mks  unite)  ie  the  gyromagnetic  retio.  The 
quantity  H-qM  ,  in  webera/meter*  can  be  obtained  from  AfrM,  in  gauaa  by 
uae  of  Eq.  (17.05-3a).  For  YIG,  a>m  ia  about  3.08  (1010). 

A  correaponding  equation  for  a  YIG  aphere  mounted  near  a  short- 
circuiting  wall  in  a  atrip-line  atructure  of  impedance  Z't  ia  given  in 
Fig.  17.07-6  along  with  curvea  that  apply  when  Z'0  *  SO  ohma  and  when  the 
’’eeonator  ia  made  from  YIG.  Note  that  the  curvea  give  Q,  for  a  given 
center  conductor  to  ground-plane  apacing  d  and  aphere  diameter  Dm,  both 
given  in  inches.  If  theae  curvea  are  to  be  uaed  for  a  reaonator  of  aome 
material  other  than  YIG,  or  with  a  uniform  strip-line  of  some  impedance 
other  than  SO  ohma,  the  values  obtained  from  the  chart  should  be  scaled 
aa  indicated  by  the  equation 


*|ic.U4 


<?. 


50 


(17.07-3) 


where  »•  the  actual  line  impedance  uaed  and  (Mt)YIG/(M,),,ig4  is 

the  ratio  of  the  saturation  magnetisation  of  YIG  to  that  of  the  material 
actually  uaed.  The  equetion  in  Fig.  17.07-6  (upon  which  the  curves  are 
baaed)  was  computed  asauming  that  the  strip- line  was  bounded  on  each  aide 
by  a  magnetic  wall  (which  implies  that  there  are  no  fringing  fields),  and 
that  the  fields  about  the  atrip-line  are  perfectly  uniform.  Of  course, 
if  the  strip-line  ie  ao  narrow  that  the  sphere  projecta  into  fringing 
fields,  this  approximation  will  not  be  good. 

Figure  17.07-7  shows  computed  and  experimental  data  obtained  by 
Carter1  in  order  to  check  out  the  equation  in  Fig.  17.07-6.  These  data 
were  taken  at  3000  Me  using  the  structure  shown.  Note  that  the  aphere 
for  each  test  was  mounted  about  0.125  inch  from  the  short-circuit.  It 
waa  found  that  moving  the  aphere  too  close  to  the  ahort-'ci-wcuiting  wall 
would  disrupt  the  sphere’s  performance,  while  putting  the  sphere  too  far 
from  the  wall  would  introduce  excess  reactance  that  would  decouple  the 
sphere.  Note  in  Fig.  17.07-7  that  the  agreement  between  theory  and 
measurement  is  reasonably  good. 

Other  experimental  work  due  to  Carter4  showed  that  the  presence  of 
an  adjacent  coupling  slot  auch  as  that  in  the  filter  in  Fig.  17.07-3  has 
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*  decoupling  effect  on  the  input  circuit  which  tends  to  raise  the  external 
Q  shout  20  percent  or  somewhat  more  from  its  value  when  the  slot  is  not 
there.  Therefore,  some  allowance  should  be  made  for  this  effect  when  de¬ 
signing  for  the  strip-line  and  sphere  dimensions  to  realize  a  required 
external  Q. 
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FIG.  17.07-5  Q  vs.  SPHERE  DIAMETER  FOR  SPHERICAL  YIG  RESONATOR  IN 
SYMMETRICAL  STRIP  TRANSMISSION  LINE 
In  the  equation  shown  ii  the  permeability  of  the  region  about  the 
sphere,  ciim  ■  y  Mt,  y  ■  1.759  *  101 1  |n  mks  units,  V  ii  the 
volume  of  the  sphere,  ond  Z»  is  the  impedance  of  the  strip  Tine 
(Z>  *  50  ohms  for  the  graph). 
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FIG.  17.07-7  THEORETICAL  AND  EXPERIMENTAL  VALUES  OF  Q,  OF  YIG  RESONATOR 
USING  STRIP-TRANSMISSION-LINE 


Note  in  the  equution  in  Fig.  17.07-6  that  the  external  Q  is  inversely 
proportional  to  the  line  impedance  Z'0  .  This  is  because  for  a  given  sphere 
sice  and  ground - p 1 ane - to- center- conduc tor  spacing  tl,  the  narrower  the  strip¬ 
line,  the  more  concentrated  the  HF  //-field  is  assumed  to  be  in  the  vicinity 
of  the  sphere.  (The  presence  of  fringing  fields  disrupts  this  picture  when 
the  strip  becomes  narrow,  however.)  The  equation  and  curves  in  Fig.  17.07-6 
assume  that  the  strip  line  is  uniform  and  that  it  is  terminated  in  its 
characteristic  impedance.  However,  if  a  short  length  of  line  of  impedance 
Zq  is  used  in  the  vicinity  of  the  sphere,  and  this  line  is  terminated  in  a 
much  lower  resistance  /?  ^ ,  it  should  be  possible  to  obtain  lower  values  of 
external  Q  than  would  be  possible  otherwise.  Thus,  i f  Qt  is  the  external 
Q  wl'.en  the  line  is  terminated  in  a  resistance  ft  =  Z'0 ,  then  the  external  Q 
when  termination  is  changed  to  RA  is  approximately 


Q. 


c  orric ted 


(17.07-4) 
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This,  of  course,  aaaumes  that  the  line  aection  of  impedance  Zg  (to 
which  the  aphere  ia  coupled)  ia  ahort  compared  to  t  quarter  wavelength, 
ao  that  there  will  not  be  exceaaive  reactance  effecta  due  to  the  Zq  line 
aection  not  being  matched.  Aa  aeen  by  Eq.  (17.07-4),  the  coupling  car. 
be  made  tighter  (i.e.,  the  corrected  value  of  Qf  can  be  made  lower)  if  RA 
is  made  email.  Thia  reault  will  be  aeen  to  be  in  agreement  withEq.  (17.07-1) 
Thua,  in  caaes  where  difficulty  ia  being  experienced  in  obtaining  a  suffi¬ 
ciently  low  value  of  Qt ,  decreasing  the  aiae  of  RA  may  be  a  satisfactory 
way  of  obtaining  the  desired  result.  If  the  external  load  impedance  is  not 
suitable  for  thia,  a  step  transformer  can  be  used  to  present  the  desired 
RA  value  to  the  resonator. 

The  procedures  described  in  Sec.  1-1.02  will  be  found  to  be  convenient 
for  experimentally  checking  external  Q  values,  as  well  as  unloaded  Q  values. 

Design  for  Prescribed  Coupling  Coefficients  Between  Resonators  —  The 
calculation  of  the  spacing  of  fer rimagneti c  resonators  and  the  dimensions 
of  intervening  apertures  in  order  to  obtain  specified  coupling  coefficients 
is  a  relatively  difficult  problem  and  no  such  procedures  are  presently 
available.  However,  it  is  quite  practical  to  experimentally  determine  the 
proper  aphere  spacinga  and  aperture  sizes  by  use  of  the  two- resonator  test 
procedures  described  in  Sec.  11.04.  Some  of  the  results  shown  in  Sec.  17.08 
should  serve  as  a  uaeful  guide  in  estimating  the  approximate  sphere  spacings 
and  aperture  sizea  to  be  expected. 

Besides  the  cona iderati on  of  obtaining  adequate  coupling  between  spheres 
other  considerations  are  the  obtaining  of  sufficiently  high  isolation  off 
resonance,  and  the  maintenance  of  sufficient  separation  between  the  spheres 
so  that  the  spheres  will  not  cause  each  other  to  see  non-uniform  biasing 
//-fields  (which  could  help  excite  unwanted  modes).  The  experimental  results 
obtained  from  the  examples  in  Sec.  17.08  should  be  helpful  guides  with  re¬ 
gard  to  botii  of  these  points.  With  regard  to  the  spacing  of  the  spheres, 
spacing  their  centers  by  about  three  timea  their  diameters  appears  to  be 
satisfactory. 

Effects  of  Scaling  the  Filter  Parameter  s— It  should  be  useful  to  know 
the  effect  on  the  external  Q’s  of  the  end  resonators  and  on  the  coupling 
coefficient  between  reaonatora  of  changing  the  dimensional  scale  of  the 
circuit,  the  saturation  magnetization  Jf>p  and  the  operating  frequency  range. 
Such  information  should  help  the  designer  in  relating  information  obtained 
from  a  given  fi Iter  design  to  other  fi iter  designs  having  somewhat  different 
parameters. 
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Aa  previously  discussed  in  this  section,  the  equivalent  circuits  in 
Fig.  17.02-3  can  be  used  in  analyzing  filtera  with  ferrimagnetic  resonators. 
Hence,  Eqa.  (17.02-11)  to  (17.02-13)  also  apply  and  we  nay  restate  them 
here  in  the  form 


Vi 


*>.>♦» 


ZLlLH 

^vTi 


(v  )* 


(17.07-5) 


(17.07-6) 


(17.07-7) 


where  the  X  are  mutual  reactances  and  the  <x.)  are  resonator  slope 

parameters.  The  mutual  reactances  call  be  assumed  to  be  of  the  form 


*,.,♦1  *  (17.07-8) 

where  is  the  radian  frequency  at  resonance,  /x0  is  the  permeability  of 
air  in  henries/unit  length,  and  jtl  is  a  scale  factor  depending  on  the 
dimensions  of  the  circuit.  The  parameter  WJ  has  the  dimension  of 

length.  Then  by  Eq.  (17.07-5)  and  (17.07-8) 

«4xl 

-  (17.07-9) 

-Wo  (*0,)* 

Now  Carter16  has  shown  that  in  general,  if  a  ferrimagnetic  resonator  is 
coupled  by  way  of  a  linearly  polarized  UK  magnetic  field  h,  then 


«?.> 


Qt  *  - - -  (17.07-10) 

where  Vm  is  the  volume  of  the  sphere, 

-  (17.07-11) 
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y  is  tlie  gyromagnetic  ratio,  and 


Uol  *  j-  .  (17.07-12) 

where  h  is  the  UK  field  seen  by  the  resonator  due  to  current  /(  flowing 
in  the  load  liA  .  The  parameter  U0,  is  seen  to  have  dimensions  of  1  /  (  I  t-ogth ) . 
Equating  Eqs.  (17.07-10)  und  (17.07-9),  and  solving  for  the  resonator 
slope  parameter  x(  gives 

x,  -  -  (17.07  t:i) 

Assuming  that  x^ 
obtu  i  u 


Checking  the  dimensionality  of  Eq.  (17.07-14)  we  find  tlial 


X| ,  by  Eqs.  (17.07-6),  (17.07-8),  and  (17.07-11)  we 


i  .  t  ♦* 


07.07-14) 


f*' a  (if  oi ) 
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i.i^i 


A<om  Ana  yN \ 


(17.07  15) 


where  .4  is  a  dimensionless  factor  which  is  detcimined  only  by  the  relative 
proportions  of  the  various  parts  of  the  circuit,  but  which  is  independent 
of  the  dimensional  scale  of  the  circuit. 

from  a  somewhat  different  point  of  view,  it  would  appear  that  changing 
the  N(  of  the  resonators  ought  to  be  like  changing  the  number  of  turns  in 
the  coils  in  the  circuit  in  fig.  17.07-5.  In  that  case  the  mutual  reactance 
Xol  for  coupling  to  the  load  ought  to  be  proportional  to  ,  while  the 
mutual  reactances  Xf  for  coupling  between  resonators  ought  to  be  pro¬ 

portional  to  ( W,)* .  An  analysis  from  this  point  of  view  was  worked  out  in 
a  manner  similar  to  that  described  above.  This  analysis  also  led  to 
Eq.  (17.07-15),  which  helps  to  verify  its  correctness. 
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A  number  of  useful  conclusions  can  be  drawn  from  the  above  analysis: 

ill  Scaling  the  circuit  up  or  down  in  size  will  have  no  effect 
on  the  coupling  coefficients  between  resonators,  although 
by  Eqs.  (17.07-10)  to  (17.07-12)  it  can  be  seen  that  the 
external  Q’ s  of  the  end  resonators  will  be  affected.  The 
Qt  will  vary  as  l/(size). 

(2)  Tiie  coupling  coefficients  between  resonators  will  vary  as 
1/£l>0  but  the  external  Q' s  are  independent  of  frequency. 

Since  the  coupling  coefficients  predominate  in  determining 
bandwidth,  the  bandwidth  of  a  filter  with  i'e rr i magnet i c 
resonators  will  tend  to  remain  constant  as  it  is  tuned  (see 
Sec.  17.02),  but  the  response  shape  will  change.  A  filter 
with  mode  rate - s i zed  Tchebyscheff  ripples  at  the  center  of 
the  tuning  range  will  tend  to  have  larger  ripples  when 
tuned  at  the  lower  edge  of  the  tuning  range,  and  may  tend 
toward  a  nearly  maximally  flat  response  when  tuned  at  the 
upper  edge  of  the  tuning  range. 

(3)  The  coupling  coefficients  are  directly  proportional  to  M f 
while  the  external  Q' s  are  inversely  proportional  to  II  . 

Thus  as  cun  be  seen  with  the  aid  of  Sec.  17.02,  any  change 
in  will  alter  the  filter  bandwidth  in  proportion  to  the 
change  in  M  t  while  the  response  shape  should  remain  un¬ 
affected.  Une  qualification  to  this  statement  needs  to 

be  made  with  regard  to  dissipation  loss.  Since  the  dis¬ 
sipation  loss  effects  are  influenced  by  bandwidth  (see 
Secs  11.06  and  11.07),  there  may  be  some  change  in  re¬ 
sponse  shape  for  this  reason. 

(-1)  Because  the  external  (j  varies  as  l/(sizc),  as  the  circuit 
is  scalud  in  size,  and  hecuuse  the  coupling  coefficients 
vary  as  1  / ■*>w ,  the  obtaining  of  adequate  coupling  between 
the  end  resonators  and  the  external  circuits,  and  the 
obtaining  of  adequate  coupling  between  adjacent  resonators, 
will  become  increasingly  difficult  as  tlie  operating  fre¬ 
quency  is  increased.  Ke rr i magnet i c  materials  with 
especially  large  values  of  M  should  be  helpful  for  use 
in  the  higher  microwave  ranges. 

At  the  time  of  this  writing,  the  above  conclusions  have  not  been 
systematically  checked  by  experimental  means;  however,  they  do  appear  to 
be  consistent  with  available  experimental  evidence.  In  particular,  the 
measured  ,  responses  of  the  filters  worked  on  by  Carter3,4,5,6  bear  out  the 
second  of  the  above  conclusions  very  well. 
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SEC.  17.08,  RESULTS  OF  SOME  TRIAL  MAGNETICALLY  TUNABLE 
BAND-PASS  FILTER  DESIGNS  HAVING  STRIP-LINE 
INPUTS  AND  OUTPUTS* 

i 

Several  trial  magnetically  tunable  filter  deaigna  will  now  be  de- 
acribed.  Since  part  of  the  deaign  proceaa  involvea  cut  and  try  (namely 
the  determination  of  the  apacinga  of  the  resonators  and  the  sizes  of  the 
coupling  aperturea),  these  deaigna  should  provide  helpful  guide  lines 
for  additional  deaigna. 

A  Trial  Two-Resonator  Y1C  Filter  Design  Using  Top  and  Bottom  Hall 
Coupling— Figure  17.08-1  ahowa  the  cross  section  of  the  strip-lines  which 

were  used  in  the  design  of  a  magnet¬ 
ically  tunable  filter  of  the  form  in 
Fig.  17.07-3.  In  this  case,  the 
strip  line  was  made  unsymmetri cal 
in  an  effort  to  obtain  tighter  cou¬ 
pling  to  the  spheres  for  given  line 
impedance.  The  smaller  spacing  d, 
between  the  strip  line  and  the  bottom 
wall  should  give  a  greater  flux  den¬ 
sity  and  tighter  coupling  to  the 
sphere  for  a  given  line  impedance. 
However,  using  a  larger  upper  wall 
spacing  J2  increases  the  magnet  air 
gap  required,  and  other  means  for 
obtaining  a  tight  coupling  to  the 
sphere  appear  at  this  time  to  be 
preferable.  (The  use  of  a  step  transformer  to  lower  the  terminating  im¬ 
pedance  seen  by  the  resonator  is  recommended,  ss  discussed  in  Sec.  17.07.) 

In  this  case  the  external  Q' s  were  computed  using  the  formula 


FIG.  17.08-1  STRIP-LINE  DIMENSIONS 
FOR  AN  EXPERIMENTAL 
FILTER  OF  THE  FORM 
SHOWN  IN  FIG.  17.07-3 


120  77 r  (d,/df)  (d,  +  dt) 
q  „ - 

where 

.  „  177  dldl 

1  =  z;  («/,  +  dt) 


Tkaaa  daaifaa  ara  daa  to  P,  S.  Carter,  Jr.*'® 


(17.08-1) 


(17.08-2) 
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ia  the  efftctive  width  of  the  line  if  it  had  no  fringing  capacitance 
and  Z‘t  ta  the  iapedance  of  the  line.  All  other  quantitiea  are  aa  de¬ 
fined  in  Fig.  17.08-1,  or  aa  were  defined  in  connection  with  Eq.  (17.07-1), 
(17.07-2),  and  Fig.  17.07-6.  The  actual  atrip  width  If  to  give  i  2|  ■ 

SO-ohn  line  with  fringing  capacitance  waa  eatiaiated  uaing  the  fringing 
capacitance  data  in  Sec.  S.OS. 

Thia  trial  filter  deaign  uaed  0. 074- inch-diameter  YIG  apherea  Mounted 
on  0. 010-inch-th’ick  dielectric  platea,  aa  indicated  in  Fig.  17.08-2.  The 
coupling  alot  between  the  apherea  (aoe  Fig.  17.07-3)  waa  0.105  inch  wide 
and  0.320  inch  long,  while  the  Metal  wall  aeparating  the  input  and  output 
atrip  line  atructurea  waa  0.125  inch  thick,  aa  indicated  in  Fig.  17.08-2. 

It  waa  found  deairable  to  uae  a  relatively  thick  dividing  wall  in  order 
to  aeparate  the  apherea  enough  that  they  would  not  diaturb  the  biaaing  W# 
field  aeen  by  eech  other.  Each  aphere  waa  Mounted  with  ita  center  0. 160  inch 


FIG.  17.08-2  MEASURED  RESPONSE  FOR  A  TRIAL  TWO-RESONATOR  FILTER 
OF  THE  FORM  SHOWN  IN  FIG.  17.07-3 

The  reaponaea  for  four  different  voluea  of  biaaing  Hq  field  ore  auperimpoaed. 
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fro*  the  vertical  short-circuit  wall  terminating  ita  atrip  line.  The 
estimated  external  Q  computed  using  Eqa.  (17.08-1)  and  (17.08-2)  was 
10S,  while  measured  values  obtained  without  the  coupling  slot  averaged 
about  125.  Aa  might  be  expected,  cutting  the  coupling  slot  in  the  wall 
between  the  two  spheres  tended  to  increase  the  external  Q'  a,  so  that  the 
measured  values  averaged  around  170,  The  size  of  the  coupling  slot  was 
determined  by  cut  and  try  increases  in  the  coupling-slot  width, until  a 
Tchebyscheff  response  with  small  ripple  was  obtained. 

Tests  on  one  ol'  the  resonators  gave  a  measured  unloaded  Q  value  which 
ranged  from  about  550  at  2  Gc  to  1255  at  3.90  fic ,  when  tested  in  the  strip 
line  structure  before  the  coupling  slot  was  cut.  Alter  the  0.105-inch  by 
0.302-inch  slot  was  present,  these  values  were,  interestingly  enough, 
taised  to  710  and  1810,  respectively.  This  same  resonator  when  tested  in 
waveguide  had  an  unloaded  Q  of  3800  at  2.6  Gc ,  and  6,600  at  4.0  Uc.4 
The  considerably  lower  Q‘ s  in  the  strip-line  structure  are  due  to  the 
deleterious  effects  of  the  relatively  confining  metallic  boundaries  seen 
by  the  sphere. 

The  spheres  were  mounted  so  that  they  had  a  [ill]  axis  (i.e.,  an  easy 
axis)  parallel  to  M#.  Figure  17.08-2  shows  the  measured  attenuation 
characteristics  of  the  filter  obtained  for  four  values  of  biasing  field 
Hq.  Note  that  the  of f - resonance  attenuation  is  quite  high,  although  there 
ia  a  spurious  response  below  the  pass  band  in  eacli  case.  The  higher  the 
pass-band  frequency,  the  lower  the  attenuation  at  the  spurious  response, 
until  when  the  filter  is  tuned  around  4.5  Gc ,  the  spurious  response  merges 
with  the  pass-band  response.  The  minimum  attenuation  of  this  filter  was 
2.8  db  when  tuned  at  2.0  Gc ,  1.8  db  at  2.6  Gc ,  1.3  db  at  3.4  Gc ,  and 
0.8  db  at  3.9  Gc . 

A  Side-Kail  Coupled  Two-Resonator  fJC  Filter  Design— Figure  17.08-3 
shows  the  dimensions  of  an  experimental  filter  of  the  sidewal 1 -coupled 
type  in  Fig.  17.07-4(a).  Note  that  the  dividing  wall  with  its  aperture 
was  made  easily  removable,  so  that  various  wall  thicknesses  and  aperture 
sixes  could  be  tried.  The  YlG  spheres  were  mounted  on  dielectric  rods 
so  that  they  could  be  rotated  ubout  a  [110]  axis  in  order  to  achieve 
synchronous  tuning.  This  type  of  tuning  was  provided  mainly  because  it 
was  planned  that  this  filter  would  later  be  converted  to  a  three- resonator 
filter,  and  it  appeared  desirable  to  include  means  for  tuning  the  reso¬ 
nators  with  respect  to  each  other. 
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FIG.  17.08-3  DETAILS  OF  A  TWO-RESONATOR  YIG  FILTER 
OF  THE  FORM  SHOWN  IN  FIG.  17.07  4(a) 


Note  that  the  strip  lines  in  Fig.  17.08-3  are  closer  to  the  dividing 
wall  than  to  the  outer  walls.  This  was  done  so  that  adequate  coupling 
could  be  maintained  between  spheres  while  still  keeping  the  spheres  under 
the  atrip  lines.  The  strip  lines  were  designed  to  give  a  desired  imped¬ 
ance  of  Zq  *  50  ohms  by  first  computing  C0/e,  the  required  normalised 
capacitance  per  unit  length,  by  use  of 


Co  376.7 


f. 


*e.z: 


(17.08-3) 
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where  ef  is  the  relative  dielectric  constant  of  the  medium  of  propagation. 
Then,  referring  to  Fig.  17.08  4,  desired  values  for  t,  6,  S,/ 2  and  <S}/2 
were  selected,  and  the  corresponding  line  width  f  required  to  give  the 
desired  line  impedance  Zg  was  computed  using  the  formula 


1 

b 


(17.08-4) 


where  (Cf0/e)i  and  (Cf0/e) ,  are  normalised  fringing  capacitances  obtained 
from  Fig.  5.05-10(a)  using  n/b  =  S^/b  and  s/b  »  Sj/6,  respectively. 
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FIG.  17.08-4  DEFINITION  OF  THE 

STRIP-LINE  PARAMETERS 
FOR  THE  FILTER  SHOWN 
IN  FIG.  17.08-3 


stead  of  at  their  centers.  The  si 
constant  while  various  thicknesses 
were  tried  until  a  response  with  a 


This  trial  filter  used  0.074-inch- 
diameter  Y1G  spheres,  while  the  spacing 
d  between  the  st'i.i-line  and  the  ad¬ 
jacent  ground  j  nea  was  0.110  inch. 

Hy  Fig.  17.07-  these  dimensions  are 
seen  to  yield  a  theoretical  value  of 
external  Q  of  about  150,  which  is 
satisfactorily  low.  Measured  values 
of  Qt  in  this  structure  ranged  from 
212  to  236.  These  relatively  high 
measured  values  are  no  doubt  due  , 

largely  to  the  spheres  being  located  i 
near  the  edjes  of  the  strip  lines  in 
ae  of  the  coupling  aperture  was  held 
of  the  dividing  wall  in  Fig.  17.08-3 
small  Tchebyscheff  ripple  was  obtained 


Table  17.08-1  along  with 
Figs.  17.08-5  and  17.08-6  show 
the  measured  performance  of 
this  filter.  The  data  in 
Fig.  17.08-6  were  taken  by 
holding  the  frequency  constant 
and  varying  the  biasing  mag¬ 
netic  field.  As  can  be  seen 
from  Fig.  17.08-6,  the  spurious 
response  below  the  pass  band 
is  more  severe  than  is  the 


Table  17.08-1 

MEASURED  CHARACTER! STI CS  OF  TWO- RESONATOR 
SIDE-WALL-COUPLED  FILTER  IN  FIG.  17.08-3 
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main  spurious  response  in  the  case  of  the  top-  and  bottom-wall  coupled 
filter  whose  response  is  shown  in  Fig,  17.08-2.  The  larger  spurious 
response  in  Fig:  17.08-6  is  believed  to  be  due  to  having  the  spheres  so 
close  to  the  edge  of  the  strip-lines.  By  using  a  thinner  dividing  wall 
between  strip  lines,  it  is  possible  to  move  the  spheres  further  back 
under  the  strip  lines,  but  a  thinner  dividing  wall  was  found  to  reduce 
the  off-resonance  isolation  of  the  filter.  Note  from  Fig.  17.08-5  and 
Table  17.08-1  that  the  3-db  and  30-db  bandwidtha  of  the  filter  are  nearly 
constant  as  the  filter  is  tuned,  while  the  response  changes  from  an  over¬ 
coupled  response  at  the  lower  end  of  the  tuning  range  to  an  under-coupled 
response  at  the  upper  end  of  the  tuning  range.  These  results  are  in  agree¬ 
ment  with  the  conclusions  listed  at  the  end  of  Sec.  17.07. 


FIG.  17.08-5  PASS-BAND  CHARACTERISTICS  OF  THE  TWO-RESONATOR 
FILTER  SHOWN  IN  FIG.J7.08-3 


FIG.  17.06-6  STOP-BAND  CHARACTERISTICS  OF  THE  TWO-RESONATOR  FILTER 
SHOWN  IN  FIG.  17.06-3 


One  decided  advantage  of  aide-wail  coupled  filtera  of  thia  type  ia 
that  they  Make  poaaible  the  uae  of  a  Magnet  air  gap  of  MiniMUM  size.  A 
More  refined  veraion  of  the  filter  in  Fig.  17.08-3  haa  been  built  which 
requirea  a  Magnet  air  gap  of  only  0.260  inch.  This  filter  was  constructed 
to  split'  in  half  horizontally  in  the  plane  of  the  strip-lines.  The  upper 
and  lower  half  were  Machined  fron  separate  blocks  of  brass,  and  the  divid¬ 
ing  wall  waa  Machined  integral  with  the  rest  of  the  structure. 

Figure  17.08-7  ahowa  thia  filter  with  half  partially  reMoved.  The  rec¬ 
tangular  tabs  protruding  fron  both  aides  of  the  Middle  of  the  filter 
were  included  for  possible  use  in  Mounting  the  filter  in  a  magnet. 

A  Trial  Thrte -Retonator  YIG  Filter— The  filter  in  Fig.  17.08-3  was 
modified  to  Make  it  into  a  three- resonator  filter  of  the  form  in 
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Fig.  17.07-4(b).  This  was  done  by  roaoving  the  original  dividing  vail 
and  inserting  the  thicker  wall  ahown  in  Fig.  17.08-8.  Note  that  thia 
wall  contains  an  additional  0. 074-inch-diaaeter  YIG  aphere,  and  there 
ia  alao  proviaion  for  rotating  the  added  aphere  about  a  [110]  axia. 

The  height  of  the  aperture  in  thia  dividing  wall  ia  0.110  inch,  the 
aaae  aa  the  apacing  d  between  the  atrip  linea  md  the  adjacent  ground 
plane*.  Thua,  thia  third  aphere  will  aee  boundary  conditiona  very 
siailar  to  thoae  aeen  by  the  apherea  under  the  atrip  linea.  The  thick 
neaa  of  the  dividing  wall  waa  choaen  ao  that  the  center-to-center  apac 
inga  of  the  three  apherea  would  be  the  sane  aa  the  center-to-center 
apacinga  of  the  apherea  in  the  two- reaonator  veraion.  In  order  to 
optimise  the  reaponae  ahape,  aoaa  adjuataent  of  thia  apacing  of  the 
apherea  would  be  deairable,  but  the  apacing  uaed  wus  found  to  give 
reaaonably  good  reaul.a.  Figure  17.08-9  ahowa  the  aaaeabled  trial 
three- reaonator  filter  without  a  aagnet. 


FIG.  17.08-7  A  MORE  REFINED  VERSION  OF  THE  FILTER  SHOWN  IN  FIG.  17.08-3 
WITH  ITS  UPPER  HALF  PARTIALLY  REMOVED 
This  filter  requires  a  magnet  oir  gap  of  only  0.260  inch 
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PIG.  17.08-8  DIVIDING  WALL  FOR  THE  THREE-RESONATOR 
VERSION  OF  THE  FILTER  SHOWN  IN  FIG.  17.08-3 
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FIG.  17.08-9  PHOTOGRAPH  OF  THE  ASSEMBLED 
THREE-YIG-RESONATOR  FILTER 
SHOWN  WITHOUT  A  MAGNET 
The  required  orientation  of  the  biasing 
field  Hq  is  indicated  by  an  arrow. 
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The  two  ond  resonators  were  firat  tuned  to  be  in  about  the  middle  of 
their  tuning  range,  when  the  filter  wan  operated  aa  a  two- reaonator  filter. 
The  tuning  roda  were  then  cemented,  and  a  third  reaonator  waa  added  and 
tuned  by  rotating  it  so  aa  to  give  a  symmetrical  response.  In  thia  type 
of  filter  it  would  be  deairable  to  adjuat  the  resonators  in  such  a  way  as 
to  be  close  to  the  orientation  which  would  cancel  out  the  temperature 
effects  of  anisotropy.  Otherwise,  if  a!l  of  the  spheres  do  not  have  the 
same  orientations  of  the  crystal  axes,  and  if  there  arc  sizeable  changes 
in  temperature,  the  resonators  may  suffer  appreciable  mistuning  with  re¬ 
spect  to  each  other. 

Table  17.08-2  along  with  Figs.  17.08-10  and  17.08-11  show  the  measured 
performance  of  the  filter.  The  data  in  these  figures  were  again  taken  by 
holding  the  frequency  constant 
and  varying  the  magnetic  field. 

This  procedure  is  in  most  re¬ 
spects  equivalent  to  holding 
the  field  constant  and  vary¬ 
ing  the  frequency,  and  the 
use  of  this  procedure  per¬ 
mitted  much  more  rapid  test¬ 
ing  of  the  filter.  Note 
that  the  stop-band  attenua¬ 
tion  level  has  been  greatly 
improved  in  this  filter  while 
the  pass-band  attenuation  has 
been  increased  only  a  little. 

One  of  the  important  things  demonstrated  by  this  trial  three- resonator 
filter  is  that  the  resonators  can  be  kept  in  tune  with  each  other  as  the 
//p -  field  is  varied.  An  earlier  trial  three- resonator  filter4  was  not  so 
successful  in  this  regard.  It  is  believed  that  the  similar  boundary  con¬ 
ditions  seen  by  all  three  spheres  in  filters  of  the  type  in  Fig.  1 7 . 07 -4(b) 
are  important  for  maintaining  synchronous  tuning. 

The  30-db  bandwidth  of  the  filter  stays  quite  constant  over  the  tuning 
range,  just  as  for  the  two- resonator  version.  The  ratio  of  the  30-db  band¬ 
width  to  the  3-db  bandwidth  runs  around  2.8  for  the  three- resonator  filter 
design  as  compared  to  around  5  for  the  two- resonator  filter  design.  Al¬ 
though  the  cutoff  rate  wus  considerably  sharper  for  the  three- resonator 


Table  17.08-2 


MEASURED  CHARACTE HISTICS  OF  THE  THREE - RESONATOR 
VIU  FILTER  SHOWN  IN  FIG.  17.08-9 


<Gc> 

(V.i. 

(db) 

A'ldk 

(Me) 

*'J0  db 
(Me) 

VStR 

(aiaiaaa) 

*0 

(oaretede ) 

2.0 

3.5 

32.9* 

91.4 

2.50 

610 

2.5 

1.7 

34.2 

90.1 

-- 

867.1 

3.0 

1.7 

33.6 

90.6 

1.23 

990 

4.0 

1.4 

30.9 

87.2 

1.10 

1310 

4.5 

1.6 

24.0 

89.1 

-- 

1586.8 

7.0 

1.6 

29.6 

•• 

*• 

-- 

ID*  b.ed.idth.  |i«ea  are  etaaared  to  tka  3-db  or 

30-db  point  bo  low  (t  )  .  . 

4  111 


1057 


design,  the  performance  of  this  particular  filter  was  probably  not  optimum 
in  thia  respect  because  of  a  small  amount  of  miatuning  and  because  no 
effort  was  made  to  optimise  the  shape  of  the  pass-band  response  for  this 
condition.  Filters  designed  to  correspond  to  equal-element  prototypes 
(Sec.  11.07)  would  probably  be  desirable  for  moat  tunable  filter  applica¬ 
tions.  Such  filters  would  result  in  very  nearly  minimum  midband  dis¬ 
sipation  loss  for  a  given  specified  30-db  (or  .other  specified  level) 
stop-bandwidth.  In  the  case  of  the  two-  and  three- resonator  filters 
discussed  herein,  the  three-resonator  design  has  a  30-db  bandwidth  which 
is  about  23  percent  less  than  that  for  the  two- resonator  design,  but  with 
somewhat  larger  midband  attenuation.  Further  optimisation  of  the  design 
to  correspond  to  an  equal-element  prototype  at  a  given  tuning  frequency, 
should  make  it  poasible  to  reduce  the  midband  loss  somewhat  at  least  at 
that  tuning  frequency. 

StiC.  17.09,  MAGNETICALLY  TUNABLE  BAND-PASS  FILTERS  WITH 
WAVEGUIDE  INPUTS  AND  OUTPUTS 

Figure  17.09-1  shows  a  two- resonator  waveguide  filter  which  is 
analogous  to  the  atrip-line  filter  in  Fig.  17.07-3.  Ferr imagnetic  reso¬ 
nator  spheres  are  placed  near  short-circuit  walls  in  the  waveguides  so 
that  the  spheres  see  strong  magnetic  fields.  The  spheres  are  coupled 
through  sn.elongated  coupling  slot  with  its  length  parallel  to  the  wave¬ 
guide  axes.  With  this  orientation  of  the  slot,  there  is  very  little 
coupling  between  guides  except  when  resonance  in  the  spheres  is  excited. 

I 

9TIPTC0  WAVCOUtDC  TUANS- 


FIG.  17.09-1  TWO-RESONATOR  FILTER  USING  OVERLAPPING  WAVEGUIDES 
AND  ELONGATED  AXIAL  COUPLING  SLOT 


FIG.  17.09-2  TWO-RESONATOR  FILTER  USING  WAVEGUIDES  AT  RIGHT  ANGLES 
AND  A  CIRCULAR  COUPLING  IRIS 


the  spheres  ar«  placed  in  reduced- lie  1  ght  waveguide  in  order  to  obtain 
adequate  coupling  between  the  spheres  and  the  waveguides,  and  also  to 
reduce  the  size  of  the  magnet  air  gap  required.  Step  transformers  are 
used  to  transform  the  impedance  of  the  standard  terminating  guides  to 
that  of  the  reduced  -  lie  i  gli  t  guide  sections. 

Figure  17.09-2  shows  another  possible  waveguide  configuration,  a 
single- resonator  version  of  which  lias  been  discussed  by  Kotzebue.15  This 
configuration  differs  from  that  in  Fig.  17.09-1  mainly  in  that  off- 
resonance  isolation  is  obtained  in  this  case  by  using  a  round  coupling 
hole  which  will  permit  both  linear  components  of  the  circularly  polarised 
fields  generated  by  the  spheres  at  resonance  (see  Sec.  17.05)  to  be 
coupled  from  one  sphere  to  the  other.  In  this  case  the  guides  are  placed 
at  right  ungles  to  each  other  in  order  to  increuse  the  of f- resonance  iso¬ 
lation.  With  the  guides  so  oriented,  the  filter  will  have  the  same  attenu¬ 
ation  characteristic  for  both  directions  of  transmission,  but  it  will  have 
180  degrees  more  phase  shift  for  one  direction  of  transmission  than  for  the 
other.6,1  In  the  case  of  the  filter  in  Fig.  17.09-1,  both  the  attenuation 
and  phase  characteristics  are  independent  of  the  direction  of  transmission. 

The  design  process  for  a  waveguide  filter  with  f er r imagnet i c  reso¬ 
nators  closely  parallels  that  for  the  strip-line  cases  discussed  in 
Sec.  17.07.  (’.alter5  lias  derived  an  equation  for  the  external  U'of  a  ferri- 
magnetic  resonator  mounted  in  waveguide,  and  this  equation  is  given  in 
Fig.  17.09-3.  I  a  this  equati  on  K  is  the  guide  wavelength,  K  is  the  free-  . 
space  wavelength,  a  and  h  are  guide  dimensions  indicated  in  the  figure, 
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FIG.  17.09-3  Q,  y».  SPHERE  DIAMETER  OF  SPHERICAL  YIG  RESONATOR  LOCATED  AT  A 

HIGH-CURRENT  POSITION  IN  SHORT-CIRCUITED  TE,0  RECTANGULAR  WAVEGUIDE 

In  the  aquation  shown,  Mg  •*  *he  permeability  of  tho  region  about  tho  tphoro, 

a>m  "7^0  Mf,  y  ■  1.759  *  10' '  in  mks  units,  ond  Vm  is  tho  volume  of  the  sphere. 

•nd  the  other  parasietere  ere  the  seme  ee  was  discussed  in  connection  with 
B«s.  (17.07-1)  and  (17.07-2).  Figure  17.09-3  also  shows  curves  of  Q 
w«.  sphere  diemeter  for  YIG  spheres  (4trjf(  «  1750  gauss)  in  various  standard 
height  waveguidea.  To  scale  the  values  of  </(  in  Fig.  17.09-3  to  correspond 
to  other  than  standard  height  weveguides  use  the  reletion 


1 

-I 

where  b  is  the  height  of  the  standard  guide,  6'  is  the  actual  height  to 
be  used,  and  and  Qf|^,  are  the  external  Q' a  for  the  guides  of  height 

b  and  6',  respectively.  To  scale  data  in  Pig.  17.09-3  to  correspond  to 
Materials  other  than  YIU  use 

o;  *  a,—  (17.09-2) 

*» 

where  is  the  ratio  of  the  saturation  magnetization  of  YIU  to  that 

of  the  Material  to  be  used,  Qt  is  the  external  Q  for  YIU  as  obtained  from 
Fig.  17.09-3,  and  Q'  is  the  external  Q  for  the  ferrimagnetic  Material 
actually  used. 

Figure  17.09-4  shows  computed  and  Measured  data  for  the  external  Q 
of  YIG  spheres  in  one-quarter  height  Jf-band  waveguide.  Notice  that  the 
agreeMent  between  theory  and  experiment  is  quite  good.  However,  as  for 
the  atrip-line  casaa  discussed  in  Secs.  17.07  and  17.08,  the  presence  of 
an  adjacent  coupling  hole  or  slot  can  be  expected  to  increase  the  external 
Q  of  a  resonator,  typically  by  a  factor  of  20  percent  or  somewhat  more. 

The  determination  of  the  proper  spacing  between  spheres  and  the  size 
of  the  intervening  coupling  aperture  can  be  determined  as  discussed  in 
Sees.  17.07  and  17.08.  Approximate  designs  can  be  obtained  by  scaling 
the  sphere  apacings  and  aperture  sizes  in  the  examples  in  Sec.  17.08, 
using  the  principles  discussed  in  Sec.  17.07.  It  is  generally  desirable 
to  Make  the  aperture  somewhat  undersized  to  start  out  with  (i.e.,  somewhat 
narrow  if  it  is  an  elongated  slot),  and  then  its  size  can  be  increased 
until  the  desired  pass-band  shape  (or  coupling  coefficient)  is  obtained. 

As  was  discussed  in  Sec.  17.05,  the  coupling  to  magnetostatic  modes 
in  a  ferrimagnetic  resonator  tends  to  increase  as  the  frequency  increases. 

The  work  of  Fletcher  and  Solt**  indicates  that  this  coupling  depends 
strongly  on  the  sphere  diameter  as  compared  to  a  wavelength.  Thus,  for 
the  sane  level  of  spurious- response  activity,  filters  designed  to  operate 
at  Y-band  or  higher  should  use  smaller  resonator  spheres  than  filters 
designed  for  S-band,  if  other  factors  are  equal. 
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FIG.  17.09-4  THEORETICAL  AND  EXPERIMENTAL  Q(  OF  TIG  RESONATORS  IN  REDUCED 
(OM-Owtir)  HEIGHT,- STANDARD-WIDTH  X-BAND  WAVEGUIDE  AT  10  Gc 


SEC.  17.10,  MAGNETICALLY  TUNABLE  DIRECTIONAL  FILTERS  HAVING 
CIRCULATOH  ACTION 

Figure  17.10*1  shows  a  waveguide  directional  filter  of  a  type  dia- 
cuaaed  in  Chapter  14.  This  filter  uaea  cylindrical  resonators  with 
circular  apertures,  which  al  1  together  can  propagate  circularly  polarised 
TE,j  nodes  at  resonance.  The  first  and  last  apertures  are  cut  in  the 
adjacent  TE|(-node  rectangular  waveguide  at  points  where  the  //-field  is 
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circularly  polarized  at  the  reaonant  frequency  of  the  cavitiea.  Aa  a 
raault  of  the  circular  polarization  in  the  reaonatora  and  coupling  aper- 
turea,  when  the  cavitiea  become  reaonant,  power  flowa  from  Port  1  through 
the  reaonatora  and  out  Port  4,  while  in  theory  no  power  eaiergea  from 
Port  2  or  3.  Off  of  reaonanca  all  of  the  power  flowa  atraight  through 
from  Port  1  to  Port  2.  figure  17.10-2  ahowa  the  meaaured  attenuation 
characteriatica  for  tranamiaaion  from  Port  1  to  Porta  2,  3,  and  4  for  a 
two-reaonator  filter  of  the  type  in  Fig.  17.10-1.  The  input  VSWR  at 
Port  1  ia  alao  ahown.  In  theory 
thia  type  of  filter  will  alwaya 
preaent  a  matched  impedance 
looking  into  any  one  of  ite 
ports  if  the  other  three  porta 
are  terminated  in  waveguide 
loads  of  unity  VSWH. 

Figure  17.10-3  shows  a  mag¬ 
netically  tunable  two- resonator 
directional  filter  which  is  po¬ 
tentially  capable  of  producing 
the  same  attenuation  character- 
iatics  shown  in  Fig.  17.10-2 
when  the  input  is  at  Port  1.  As 
was  indicated  in  the  case  of 
the  filters  in  Figs.  17.09-1 
and  17.09-2,  the  spherical  YIG 
ferrimagnetic  resonators  are 
placed  in  reduced-height  waveguide  in  order  to  increase  the  coupling  be¬ 
tween  the  waveguides  and  the  spheres,  and  step  transformera  are  used  to 
match  between  the  reduced-height  guide  and  the  standard  height  termina¬ 
ting  guides.  The  YIG  spheres  are  placed  in  the  waveguide  at  points  in 
the  guides  where  the  HF  W-field  will  be  circularly  polarized.  Now  at 
ferrimagnetic  resonance  "the  circularly  polarized  RF  W-field  in  the  first 
guide  will  excite  a  strong  circularly  polarized  magnetic  moment  in  the 
first  sphere  (see  Sec.  17. OS).  This  magnetic  moment  will  in  turn  pro¬ 
duce  an  intense  circularly  pplarized  W-fieM  which  will  couple  through 
the  circular  aperture  to  the  second  sphere.  An  intense  circular  polarized 
magnetic  moment  will  then  be  excited  in  the  second  sphere  which  will 
cause  energy  to  be  radiated  out  Port  4.  Thus  we  see  that  the  filter  in 
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FIG.  17.10-1  A  TWO-RESONATOR,  FIXED- 
TUNED  WAVEGUIDE 
DIRECTIONAL  FILTER 


FIG.  17.10-2  MEASURED  PERFORMANCE  OF  A 
TWO-RESONATOR  WAVEGUIDE 
DIRECTIONAL  FILTER  OF  THE 
FORM  SHOWN  IN  FIG.  17.10-1 


Fig.  17.10-3  will  operate  essent  i  al  i  y  the  aame  as  the  filter  in 
Fig.  17.10-1  when  power  is  fed  in  Port  1.  The  main  difference  is  that 
the  filter  in  Fig.  17.10-1  uses  circularly  polarised  resonances  in 
e  lec t romagne t ic  resonators  while  the  filter  in  Fig.  17.10-3  uses  circu¬ 
larly  polarised  resonances  in  fcrr imagne t ic  resonators. 

If  power  is  fed  into  Port  4  of  the  filter  in  Fig  17.10-1  it  will 
exhibit  the  same  general  transmission  properties  indicated  in  Fig.  17.10-2, 
except  for  the  curve  marked  for  Pert  4  now  applies  to  Port  1,  etc.  This 
is  nece.iaary  since  the  filter  in  Fig.  17.10-1  is  a  reciprocal  device. 
However,  aa  was  noted  in  Sec.  17.05,  ferr imagnet ic  resonators  are  not 
reciprocal  circuit  elements.'  As  a  result,  if  power  is  fed  into  Port  4 
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of  the  filter  in  Fig.  17.10-3,  the  circularly  polarized  //-fields  will 
have  the  wrong  direction  of  polarization  to  excite  resonance,  and  the 
power  will  emerge  from  Port  3  instead  of  going  to  Port  1  aa  it  does  in 
the  case  of  the  filter  in  Fig.  17.10-1.  Thus,  at  resonance  we  can  get 
transaiisaion  from  Port  1  to  Port  4,  from  Port  4  to  Port  3,  from  Port  3  to 
Port  2,  and  from  Port  2  to  Port  1.  Therefore  at  resonance  this  device 
can  be  uaed  as  a  circulator.  If  the  direction  of  the  biasing  //„  field 
is  reversed,  then  the  directions  for  transmission  at  resonance  would  all 
be  reversed,  i.e.,  power  could  flow  from  Pc  t  4  to  Port  1  at  resonance, 
etc.  Thus,  this  device  can  also  be  used  as  a  magnetically  controlled 
switch. 

The  amount  of  reverse  isolation  between,  say,  Ports  4  and  1  at  reso¬ 
nance  depends  on  how  nearly  perfectly  polarized  the  //-fields  seen  by  the 
resonators  are.  For  example,  if  the  resonators  are  located  at  points  in 
the  waveguides  so  that  they  see  elliptically  polarized  fields,  if  the 
main  transmission  is  from  Port  4  to  Port  3  there  will  also  be  some  trans¬ 
mission  through  the  resonators  to  Port  1.  This  is  because  any  elliptically 
polarized  field  can  be  regarded  as  being  composed  of  two  circularly  polar¬ 
ized  fields  with  opposite  directions  of  rotation,  and  the  component  with 
the  proper  direction  of  circular  polarization  to  excite  the  spheres  will 
pass  through  to  the  other  guide. 

Patel17  has  made  an  extensive  unalysis  of  single- resonator  filters  of 
the  type  in  Fig.  17.10-3.  In  his  filters  a  single  YIG  sphere  was  so 
placed  in  the  center  of  the  coupling  aperture  between  guides  as  to  be 
half  in  the  upper  guide  and  half  in  the  lower  guide.  Among  other  thinga, 
he  made  a  study  to  determine  the  optimum  location  of  the  sphere  in  the 
waveguide  to  obtain  the  best  possible  circular  polarization  of  the  RF 
//-fields  over  a  waveguide  band.  This  is  an  important  consideration  since 
for  any  given  position  of  the  sphere,  perfect  circular  polarization  can 
only  be  obtained  at  one  frequency,  and  it  is  desirable  that  the  ellipticity 
of  the  M-fielda  at  the  upper  and  lower  edges  of  the  desireu  frequency 
tuning  range  be  minimized.  Patel 'a  study  shows  that  the  optimum  compro¬ 
mise  location  for  the  ferrimagnetic  resonator  is  approximately  a/4  from 
the  side  wall  of  the  waveguide,  where  a  is  the  width  of  the  waveguide. 
Figure  17.10-4  shows  experimental  points  and  theoretical  curves  obtained 
by  Patel  for  a  single- resonator  filter  of  the  type  in  Fig.  17.10-3,  which 
illustrates  how  the  forward  and  reverse  insertion  loss  at  resonance  vary. 
The  upper  dashed  curve  shows  how  the  theoretical  reverse  isolation  at 
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FIG.  17.10-4  THEORETICAL  AND  EXPERIMENTAL  INSERTION  LOSS  IN 
FORWARD  DIRECTION  (Port  1  to  Port  4)  AND  REVERSE 
DIRECTION  (Port  4  to  Port  1)  FOR  A  SINGLE-RESONATOR 
FILTER  OF  THE  FORM  SHOWN  IN  FIG.  17.10-3 
Tho  magnetic  field  was  adjusted  to  give  resonance  at  each 
test  frequency. 


resonance  varies  as  a  function  of  the  tuning  frequency,  as  a  result  of 
the  ellipticity  of  the  //-field  polarisation.  Note  that  the  theoretical 
isolation  goea  to  infinity  at  around  9.3  Gc  where  the  polarisation  is 
circular.  The  lower  dashed  curve  shows  the  forward  insertion  loss  at 
resonance  the  filter -is  tuned  across  the  band.  Even  though,  when  the 
//-field  does  not  have  perfect  circular  polarisation,  there  will  be  some 
leakage  of  power  out  Port  2  at  resonance  (when  power  is  fed  in  Port  1), 
this  source  of  power  loss  is  small,  and  the  insertion  loss  indicated  in 
this  figure  is  mostly  due  to  dissipation  loss  in  the  resonator. 

The  design  of  magnetically  tunable  directional  filters  can  be  carried 
out  in  much  the  same  fashion  as  was  described  for  the  cases  treated  in 

i 

Secs.  17.07  to  17.09.  Patel27  gives,  for  the  external  Q  of  a  ferrimagnetic 
resonator  in  a  directional  filter,  the  formula 

Zo 

q  ,  - -  (17.10-1) 

+  kV 
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•  litre  in  oik*  unit*  o>m  -  y  ■  1.759  *  1  Ol  1 ,  nt  *  1.256  *  10_<  henry/ 

neter,  and  H t  is  the  aatuiation  magnsti lation  in  ampere-turna/meter. 

[Sae  Eqa.  (17. 05-3*, h)  for  conversion  to  other  units.]  The  quantity  Vm 
ia  the  volume  of  the  ferr (magnetic  reaonator  and 


The  ratio  of  lk,/*J  ia  equal  to  the  ratio  of  the  HF  //-field  strength  seen 
by  the  resonator  in  a  direction  transverse  to  the  axis  of  the  guide  con¬ 
taining  the  resonator,  to  the  HF  //-field  strength  seen  by  the  resonator 
in  the  direction  parallel  to  the  axis  of  the  guide,  while  a  is  the  width 
of  the  guide,  x  is  the  distance  from  the  center  of  the  resonator  to  the 
aide  of  the  guide,  end  K  is  the  guide  wavelength.  To  give  circularly 
polarised  excitation  of  the  resonator.  |k  |  ■  |k  |  is  required. 

i  y 

Patel  dons  not  give  an  explicit  definition  of  the  guide  impedance 
Z0  in  Eq.  (17.10-1).  However,  it  can  be  shown  that  for  x  -  a/2  (which 
gives  kf  *  v/2a  and  kf  >  0),  Eq.  (17.10-1)  should  reduce  to  Carter’s 
equution  shown  in  Fig.  17.09-3.  Making  use  of  this  fact,  we  conclude 
that  Eq  (17.10-1)  can  be  restated  as 


77  77X 

—  sin  — 
2a  a 


77  (kt\  77  X 

-  -  I  -  I  cos  — 

2a  \  2a /  a 


(17.10-2) 


(17.10-3) 


(17.10-4) 


Using  x  =  a/4,  as  appears  to  be  desirable  from  Patel’s  work,  and  letting 
X(/(2a)  *  0.870  as  ia  typical  for  the  center  of  a  waveguide  operating 
frequency  band,  then 


Qt  *  1.14  (Qf  obtained  using  Fig.  17.09-3).  (17.10-5) 


Thus,  using  Eq.  (17.10-5),  along  with  Fig.  17.09-3  used  in  the  manner 
described  in  Sec.  17.09,  the  proper  waveguide  dimensions  and  sphere  sites 
required  to  give  desired  external  Q  values  can  be  estimated.  As  was 
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discussed  in  Sec.  17.07,  the  presence  of  the  coupling  aperture  between 
resonstors  will  tend  to  raise  the  external  Q  somewhat  (perhaps  about 
20  percent),  so  some  allowance  should  be  made  for  this  fact  when  deter¬ 
mining  the  sphere  dimensions. 

When  the  designer  has  determined  the  diameter  of  the  terrimaenetic 
resonators  and  the  desired  waveguide  dimensions,  if  step  transformers 
such  as  those  shown  in  Fig.  17.10-3  are  required,  the  desired  design  can 
be  obtained  using  the  data  iu  Tables  6.02-2  through  6.02-5,  and 
Tables  6.04-1  througli  6.04-4.  Correction  for  the  fringing  capacitances 
at  the  step  discontinuities  should  be  made  using  the  procedure  described 
in  Sec.  6.08. 

The  required  diameter  of  coupling  aperture  between  resonators  for  a 
filter  such  as  that  in  Fig.  17.10-3  can  be  determined  experimentally  by 
making  the  hole  relatively  small  to  start  out  with,  and  then  increasing 
its  size  until  desired  shape  of  response  is  obtained.  If  the  value  of 
external  Q  for  the  resonators  was  chosen  so  as  to  correspond  to  a  given 
low-pass  prototype  filter  and  a  specified  fractional  bandwidth,  then  it 
should  be  possible  to  obtain  the  desired  response  shape  and  bandwidth  by 
increasing  the  size  of  the  coupling  aperture  between  the  resonators  until 
the  proper  coupling  coefficient  is  obtained  between  the  resonators. 


SEC.  17.11,  MAGNETICALLY  TUNABLE  BAND-STOP  FILTEBS 

Figure  17.11-1  shows  a  possible  form  of  strip-line,  magnetically 
inable,  band-stop  filter  having  a  narrow  stop  band  with  high  attenuation. 
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FIG.  17.11-1  A  MAGNETICALLY  TUNABLE  STRIP-LiNE 
BAND-STOP  FILTER 
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In  this  filter  spheres  of  ferri- 
magnetic  material  such  as  YIG 
art.  placed  between  the  strip¬ 
line  center  conductor  and  an 
adjacent  ground  plane,  so  that 
the  magnetic  field  about  the 
strip  line  will  couple  to  the 
spheres.  Each  sphere  then  has 
mutual  inductance  coupling  to 
the  transmission  line  as  sug¬ 
gested  by  the  equivalent  circuit 
in  Kig.  17.11-2(a).  (Note  that 
this  equivalent  circuit  neglects 
resonator  dissipation  loss.) 

When  the  signal  frequency  and 
the  biasing  magnetic  field 
strength  M0  are  proper  to  excite 
resonance  in  the  spheres  the 
equivalent  circuit  of  the  coupled  resonator  is  as  shown  in  Kig. ' 17 . 1 1  - 2(b) , 
where  within  practical  limits  the  slope  parameter  f>  (  of  the  resonator  can 
be  controlled  by  the  choice  of  sphere  diameter  and  by  the  magnitude  of  the 
saturation  magnetisation  of  the  ferrimagnetic  material.  The  ferrimagnetic 
resonators  of  the  filter  in  Kig.  17.11-1  can  be  tuned  by  varying  the  biasing 
magnetic  field  strength  //g.  The  second  resonator  is  shown  above  the  strip¬ 
line  while  its  neighbors  are  shown  below  the  strip-line  in  order  to  minimise 
possible  undesirable  interuction  between  resonators.  Whether  this  is  neces¬ 
sary  or  not  will  depend  on  the  relative  size  of  the  spheres  and  of  the  ground- 
plane  spacing  as  compared  to  the  wavelengths  in  the  operating  frequency  range. 

Krom  the  equivalent  circuit  in  Kig.  17.11-2(b)  it  is  seen  that  the  mag¬ 
netically  tunable  filter  under  consideration  is  of  the  type  discussed  in 
Sec.  12.04  and  shown  in  Kig.  12.04-2,  which  is  repeated  in  Kig.  17.11-3. 
Kilters  designed  from  the  data  in  Kig.  17.11-3  will  usually  be  most  practical 
if  they  are  designed  to  have  a  constant  main-line  characteristic  admittance 
which  equals  the  termination  admittance  YQ.  Under  this  condition,  in 
Kig.  17. ll-3(a) 
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FIG.  17.11-2  EQUIVALENT  CIRCUITS  OF  A 
YIG  SPHERE  COUPLED  TO  A 
STRIP  LINE  AS  SHOWN  IN 
FIG.  17.11-1 

In  this  figure  resonator  losses 
are  neglected 
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SOURCE:  Quarterly  Report  3.  Contract  DA  36-039  SC-87398,  SRI; 
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FIG.  17.11-3  BAND-STOP  FILTER  WITH  SERIES  BRANCHES  AND  QUARTER- 
WAVE  COUPLINGS:  (a)  EQUAL  LINE  ADMITTANCES,  Y,; 

(b)  GENERAL  CASE  OF  UNEQUAL  CONNECTING-LINE 
ADMITTANCES 
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■  condition  which  ia  out  a  mad  lor  any  :»f  lh»  maximally  Not 
totypoa  in  Sec.  4. OS,  or  for  any  of  the  lihnhy arhef f  prntot 
n  odd  in  that  aeclioii  llaiag  the  data  in  h|  IT.  II  Hal  tl 
reaonator  a  lope  paraaietera  &(/T#  can  he  calculated,  where  i  <■ 
a>  ia  the  fractional  bandwidth  of  the  atop  land  to  the  hand 
corresponding  to  ><i|  for  the  low-paaa  pi»tu>vp*  (see  her  I . 

After  the  normal i red  reaonator  elope  paraaietera  1  # 
pitted,  the  required  fern  magnet  ir  rn«Mi  peraaieiara  tan 
uae  of  data  given  earlier  in  thin  rhaptei  Note  in  fig  I 
a  ahor t *c i rcui t  were  placed  across  the  I i»Mamiaa|un  line  )< 
aide  of  the  reaonatoi  assuming  that  the  line  lu  the  loll 
ia  terminated  in  iu  •  haracteriatir  admilianie  1#.  the  y  « 
would  be 


I  on'  paii*  pte 
pea  listing 

^uimi I i tad 
i  he  ^gmre 
■lee  point*"* 

v  e  |,er  i*  l  M 
,■  i  ,mpi|i  ed  hr 

II  I  lint  i  I 

I  ••  I  hi  » ighi 
lie  maailiil 

i  h»  i  i  r*  at  • 


l  IT  II  i  t 


Note  thet  operating  t’e  reaonatorn  in  tl  ■  irult  in  lit  '  !!  !  i  **•#«* »  I  aa  - 

ally  with  a  short  nr-uit  at  one  aide  o-  l  tie  apherr  unt>  •  »•  *'•*•  >*tth 

a  matched  l  ranami  aa  i  o>|  line  at  the  ot  he  aide,  la  nail  I  '  '"ndit  on 

under  eiiich  the  external  Q  data  in  fig  >'  0?  b  and  f.q«  li  *'  ••  "*'d 

(17.07-4)  apply  Thus,  using  the  refeieot*  external  {/  *  a  •••*  »'iaeu  tv 
Kq.  (17.11-2)  along  with  the  data  in  h*  •  17  07,  I  ha  rr  p  nil  ie*i,aaioi 

diam'-lers  for  given  values  can  he  d<*t  •  i  mined  II  th«  .oloided  «,*  »  '*1 

the  resonators  are  hucyii,  the  peah  atop  hand  attanoallin  I  l  in  (illei  <  an 
be  coaiputed  by  uae  ot  •the  data  in  her  I;  0  1  If  the  un  >atr.t  <>  a  are  n«*t 
known,  they  can  be  me  .inured  by  pi  acini  the  reaunalm  apln  *  •  at  a  i  l»r 

in  a  abort -c  i  rcui  led  r  tjr  ip- line  atrur  in  •  loae  to  or  '  .  ini*,  a  »hoii 
circuit  and  making  me.  ^urementa  aa  dr m  riled  in  hai  I,  Im*  prinidurr 

can,  of  course,  also  provide  an  expai imvnl a  i  var I  I  H at i  an  of  *t',ti 

One  obvioua  d  l  a  ad  Vantage  of  the  type  »l  filter  in  tu  l’  II  I  M 
that  its  design  ia  baawd  on  the  aaauaptlon  lhal  its  feaoiiiioia  ate  apa<  ed 
a  quarter-wavelength  ay.  resonance  If  the  tiller  la  luneii  . .  a  very 


large  range  its  reapuabe  may  deviate  appreciably  from  the  id  el  aims  the 
reaonator  aparinga  nrdA#/4  »t  only  one  frequency  Tb*  *  •»*  serious  eMail 
may  be  that  the  peak  iitenualion  mi^ht  fall  below  niieptat-l-  tevala  in  »“•« 
parts  of  the  tuning  range.  However,  if  lb*  eerfurmenre  i i ramant •  a»e 
not  very  severe,  or  ifjthe  tuning  tange  iv  relatively  email  (liters  «■! 
the  type  in  fig,  17. ill  t  may  be  quite  sat l at artnry 
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FIG.  17.11-5  A  FOUR-RESONATOR  MAGNETICALLY 
TUNABLE  WAVEGUIDE  BAND-STOP 
FILTER 


Though  a  detailed  design  procedure  for  filters  of  the  type  in 
Fig.  17.11-4  hus  not  been  worked  out  at  the  time  of  this  writing,  the 
design  equations  in  Fig.  17.11-3(k)  should  prove  helpful.  The  quarter- 
wavelength  connecting  lines  of  admittance  F,  operate  as  impedance  in¬ 
verters  (Sec.  8.03)  having  inverter  parameter  Kt  «  1 / 1' t  The  equations 

in  Fig.  17.11-3(b)  allow  for  a  range  of  choice  for  these  inverter  param¬ 
eters.  Now  by  Fig.  8.03-l(d)  we  see  that  a  length  of  line  with  a  shunt 
capacitor  in  the  middle  can  operate  as  an  impedance  inverter.  Thus,  for 
purposes  of  determining  the  proper  sphere  sites,  etc.,  the  circuits  be¬ 
tween  spheres  in  Fig.  17.11-4  can  be  characterised  in  terms  of  impedance 
inverters  of  the  form  in  Fig.  B.03-l(d).  After  the  designer  haa  worked 
out  the  basic  low-pasa  filter  structure  design  he  can  compute  values  for 
the  and  F;*  1 /Kt.  Then  the  equations  in  Fi.g.17. 1 1 - 3 ( b )  can  be  used 

to  compute  the  required  normalised  resonator  slope  parameters.  Finally, 
the  required  sphere  sixes  can  be  computed  from  the  t^/Fj  by  procedures 
such  as  were  discussed  above. 

The  discussion  in  this  section  has  so  far  been  phrased  in  terms  of 
strip-line  structures.  However,  the  same  principles  also  will  apply  to 
the  design  of  waveguide  band-stop  filters.  Figure  17.11-5  shows  a  multi¬ 
resonator  waveguide  band-stop  filter.  Judging  from  experience  with 


lt?6 


cavity-type  waveguide  band- atop  filter*  (Sec.  12.08),  some  difficulty 
might  be  expected  due  to  coupling  directly  from  one  resonator  to  the 
next.  In  order  to  avoid  this  problem,  tie  waveguide  height  and  sphere 
site  should  both  be  kept  very  small  compared  to  one-quarter  wavelength. 

It  should  be  possible  to  design  wsveguide  filters  of  the  form  in 
Fig.  17.11-5  using  the  same  procedure  described  for  the  filter  in 
Fig.  17.11-1  except  that  Fig.  17.09-3  and  Eqa.  (17.09-1)  and  (17.09-2) 
should  be  used  in  place  of  Fig.  17.07-6  and  Eqs.  (17.07-3)  and  (17.07-4). 

Waveguide  filters  analogous  to  the  strip-line  filter  in  Fig.  17.11-4 
are  also  possible.  These  filters  could  take  the  general  form  of  the  cor¬ 
rugated  waveguide  filters  discussed  in  Sec.  7.04,  with  YIG  spheres 
inserted  in  the  high- impedance  sections  of  the  corrugations. 
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